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With the development of nanoplasmonics, biosensors utilizing the 
unique optical properties of noble metal nanostructures – localized surface 
plasmon resonance (LSPR), which fulfill many requirements of biosensors, 
such as, real-time, parallel monitoring of multiple species, ease of use, and 
transportability, have drawn increasing interest in recent years. In this thesis, it 
is aimed to develop plasmonic nanostructures for biological sensing 
applications by laser interference lithography technique which can greatly 
improve the fabrication flexibility, tune localized surface plasmon resonance 
over a wide range of wavelength, and facilitate the design of novel biosensors 
which are based on localized surface plasmon resonance. In Chapter 3, by 
laser interference lithography technique we have fabricated successfully 
various plasmonic nanostructures with different sizes, shapes, materials as 
well as array spacings and symmetries. The optical properties of these 
fabricated plasmonic nanostructures were examined. Compared with other 
plasmonic structure fabrication techniques, laser interference lithography 
offers a good match to the needs of creating a patterned array over a large area 
within a short time with a simple equipment setup. In Chapter 4, we examine 
the collective grating-induced radiation phenomenon via LSPRs. This 
phenomenon was obtained on a large area of periodic gold nanoantenna arrays 
with body-centered rectangular symmetry. The physics of this phenomenon 
was studied with the supporting of finite difference time domain (FDTD) 
simulation method. In Chapter 5, 2D bimetallic (silver and gold) nanodisk 




components of nanodisks are optimized to obtain higher refractive index and 
molecular sensitivities. In addition, a plasmonic enhancement method by 
taking advantages of near-field plasmonic interactions of silver/gold nanodisks 
and gold nanoparticles for biological sensing applications is systematically 
studied with the assistance of FDTD simulation method. The plasmonic 
enhancement of silver/gold nanodisk-gold nanoparticle system was applied to 
detect target DNA with the detection limit of 100 fM and to sense DNA 
conformations. In Chapter 6, we presented a novel approach to detect Insulin 
by utilizing the strong plasmonic enhancement of the silver/gold nanodisk-
gold nanoparticle system and the great specificity of biomolecules and their 
aptamers. It is worth mentioning that LSPR chip-based sensor is employed to 
detect insulin via its aptamer for the first time and the unoptimized system 
provides the detection limit of 130 pM. 
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A biosensor is a device that responds selectively to a particular target 
through a biological or biochemical reaction and transforms this information 
into an analytically useful signal. The development of biosensors for the 
diagnosis and monitoring of diseases, drug discovery, proteomics and 
environmental detection of biological agents is an important motivation for 
biosensor research1. Many researchers have devoted themselves to the 
evaluation of the relative merits of various signal transduction methods, 
including optical2-8, electrical9, magnetic10, mechanical11, and mass 
spectrometric12. Although each of these methods has its individual strengths 
and weaknesses, optical sensors, in particular those based on plasmons, have 
been investigated as the methods of choice in many biological and chemical 
sensing applications13-20 due to their potentials to fulfill the most important 
requirements of sensors, namely, miniaturization, selectivity, and sensitivity21. 
Optical plasmon-based sensors are optical sensors which use plasmons, 
the excited electrons in noble metallic film or in nanoparticle surfaces22,  as an 
detectable optical signal which is typically encoded into one of the 
characteristics of a light wave. There are two types of optical plasmon-based 
sensors: surface-plasmon-resonance-based (SPR-based) and localized-surface 
plasmon-resonance-based (LSPR-based), corresponding two types of 
plasmons (propagating surface plasmon and localized surface plasmons, 
respectively)23. Although SPR-based sensors are currently facilitated by 
commercial research instrumentation due to the earlier exploitation of 
propagating surface plasmon, LSPR-based sensors offer many of the same 
advantages for sensing and spectroscopy experiments, along with several 




additional benefits in higher throughput screening sensing applications16. 
Moreover, advances in nanofabrication techniques have allowed researchers to 
tune the localized surface plasmons flexibly by varying the shape, size, and 
material of the nanoparticles to design sensing experiments24-26. Because of 
these advantages of localized surface plasmons over propagating surface 
plasmon in sensing applications, researchers have devoted a great deal of 
theoretical and experimental efforts to the fabrication of nanostructures  by 
controlling, manipulating, and amplifying localized surface plasmons on 
nanometer length scale to obtain optimal biological LSPR-based sensing. 
1.2 Literature reviews 
Since the early days of surface plasmon optics there has been a gradual 
transition from fundamental studies to more application driven research, 
including nanophotonics, data storage, non-linear optics, surface-enhanced 
Raman spectroscopy, fluorescence spectroscopy and biochemical sensors27-28. 
More recently, surface plasmons in metallic nanoparticles and nanostructures 
have been fruitfully employed as molecular-recognition elements and 
amplifiers in biological sensors, in addition to serve as components in 
nanoscale optical devices.  In addition to interest in the discovery of optical 
properties of surface plasmons, many of research efforts have been extended 
on the development of plasmonic structure fabrication techniques to obtain 
better performance of plasmon-based biological sensing. 
 Due to its long history, a vast body of literature exists in both plasmon 
structure fabrication and plasmon-based biological sensing. Because this thesis 
focuses mainly on the fabrication of plasmonic structures, which support 




localized surface plasmon resosnance and its application in biological sensing, 
we only review the aspects of these areas. 
1.2.1 The fabrication techniques for plasmonic nanostructures 
Plamonic nanostructure fabrication techniques are usually classified as 
chemical synthesis and nanofabrication. The advances in both synthetic and 
fabricated approaches to create nanostructures with tunable shape and size 
allow tuning localized surface resonance wavelength in a wide range from 
visible to infrared region of the electromagnetic spectrum. 
Chemical synthesis has been the primary means of growing a wide 
variety of metal nanoparticle shapes because reaction conditions, such as 
temperature, surfactants, and precursors can be independently controlled29-30. 
Although solution-based methods are scalable, the organization into ordered 
structures to take advantages of plasmonic interactions between nanoparticles 
is challenged.  
 Nanofabrication methods offer an alternative strategy to organize 
plasmonic structures into arrays. There are many nanofabrication techniques 
have been used, such as dewetting, direct-writing, template lithography, soft 
lithography and interference lithography. 
Dewetting technique, which takes advantages of the instability of a 
thin metallic film under certain conditions, is a simple way to create plasmonic 
structures on a substrate31. It includes vacuum deposition/sputtering a metallic 
film and/or post heat treatment. The shape of obtained structures could be 
hemispherical (islands) or spherical depending on the thickness of the metal 
film and the temperature of the heat treatment. The simplicity is the strong 




advantage of this method; however, the size and the distribution of formed 
particles are random. 
Direct-write techniques such as electron-beam lithography (EBL)32, 
focused ion-beam lithography (FIB)33, and microlens array lithography 
(MLA)34-35 play important roles in industry, research, and emerging 
applications in nanoscale science and engineering. Electron-beam lithography 
can fabricate 1D and 2D arrays of nanoparticles with different spacings36 
which typically need to be on the order of the particle size37-39. Focused ion 
beam milling has been the most common method to fabricate hole and slot 
structures in optically thick metallic films40-41. This method can drill 
completely or partially through the film and can control the diameter and 
spacing of the structures with acceptable precision. However, the main 
shortcoming of these direct-write techniques is low throughput, which is 
mainly due to slow writing process42-43. Although multi-axial electron-beam 
lithography and zone-plate-array lithography are developed to improve the 
throughput, they suffer from lens aberration and diffraction limit, 
respectively44-46. Moreover, EBL or FIB always requires expensive 
equipments and replacement. Besides, microlens array lithography makes use 
of microlens array, which consists of a series of miniaturized lenses arranged 
in certain form of order, to focus incident light into an array of small light 
spots for direct writing the patterns on photoresist layer47-48.  MLA technique 
can generate multipoints in parallel fabrication by a factor of the lens number 
in the laser irradiation field. By proper programming to control the stage 
movement, arbitrary 2D and 3D structures can be made in parallel49-50. 
However, due to the limitation in the fabrication of microlens arrays and 




diffractive limit in optics, MLA has been only used to generate micrometer 
and sub-micrometer structures51. 
Besides these direct-write techniques, template lithography has been 
the primary method of producing particles with varied shapes. Isolated 
submicrometer spheres and close-packed sphere arrays can act as masks onto 
which metallic film can be deposited to obtain particles with crescent-like 
shapes, truncated triangular prisms, pyramids oriented elliptical and conical 
shapes, disks, and rings52-55. Anodized aluminum-oxide membranes compose 
another widely used template for producing plasmonic nanorods56-57. 
Investigators have also used etched Si templates and nanohole masks to create 
pyramidal shells58-59. The advantage of sphere template method is its 
simplicity. However, sphere templating depends on the self-assemble of 
nanosphere beads which is an uncontrollable process60. It results in the less 
uniformity in fabricated structures. The other template techniques suffer a 
complex and multi-step process fabrication54. 
Soft lithography is a powerful technique in generating patterns with 
various symmetries and array spacings over large areas (cm scale). Soft 
lithography is a term for fabrication techniques that use macroscopic 
poly(dimethylsiloxane) (PDMS) stamps or masks to transfer patterns from one 
material or surface to another61. Soft lithography has been used to fabricate 
particles and holes array62-63. However, it is limited in the fabricated shapes at 
disk-shaped particles, circle-shaped or slit-like holes due to the fabrication of 
the molding master patterns replying on other  techniques25. In addition, the 
replication of patterns onto the substrates usually experiences many steps. 




These points make soft lithography suffers some drawbacks such as 
complexity and lack of versatility. 
Laser interference lithography (LIL) technique, which is based on 
interference of two coherent laser beams, offers three important advantages 
over serial ones: parallelism, simplicity, and flexibility64-67. It allows the 
fabrication of periodic arrays with specific particle size, shape, placement, and 
orientation without any lithographic masks or molding masters68-69. The 
strengths of interference lithography offer a good match to the needs of 
creating a patterned array over a large area within a short period of time70-72. 
For other single beam direct writing in plasmonic nanostructure fabrication 
(EBL, FIB) they will take dozens of hours or even a few days to generate such 
a large area36, 38. In comparison with MLA, LIL can achieve much smaller 
feature size of fabricated structures. 
The sensing with localized surface plasmon resonance (LSPR) has 
been developed, based on two main methods of LSPR structure fabrication: 
chemical synthesis and nanofabrication. Although chemical synthesis has been 
developed earlier, nanofabrication has attracted more attention due to recent 
advances in nanofabrication, nano-optical characterization and improvements 
in full-field computational electromagnetics. These advances have made it 
possible for nanofabrication to design interesting LSPR nanostructures in 
which the metallic nanoparticles can be well ordered into an array which 
supports interesting LSPR properties. Therefore, research on LSPR sensing 
with metallic well-ordered nanoparticles has greatly flourished recently. 
 




1.2.2 Sensing with localized surface plasmon resonance 
The most common method for LSPR-based sensing is the wavelength 
shift measurement, in which the change in the maximum (or minimum) of the 
LSPR extinction spectra is monitored as a function of changes in the refractive 
index of local environment16, 73. The changes in the refractive index of local 
environment are caused by bulk solvent refractive index or analyte adsorption. 
With this technique, the environmental changes and attached molecules are 
detected. A significant number of studies have been published on the 
environmental sensing, detection and quantification of molecules attached to 
metallic well-ordered nanoparticles array by the LSPR wavelength shift. In an 
attempt to improve the sensitivity of LSPR-based sensors, these studies were 
conducted on the various morphologies of nanoparticles, from less order 
metallic nanoparticle array (nanoislands) to periodic nanoparticle array 
(nanotriangles, nanodisks, and nanorings). Moreover, the sensing molecules 
were also varied from high mass molecules and proteins, to small molecules, 
such as oligonuleotides. 
Nanoisland array is the first nanostructure which has been used as 
LSPR-based sensors in biological and chemical sensing. The earliest study on 
LSPR-based sensing using gold nanoisland arrays was done in year 2000 by 
Rubinstein group74-75. In their studies, gold nanoisland arrays were used to 
monitor the self-assembly of cylic disulfide monolayer onto gold nanoislands 
through the observation of the changes in the position and intensity of the 
LSPR peak. In their study, there was an increase in the intensity and a shift to 
the longer wavelength of the LSPR peak when the absorption time of cylic 
disulfide monolayer onto gold nanoislands increases. Later in year 2004, this 




group also demonstrated the selective sensing of avidin binding by using 
biotinylated gold nanoislands with the same technique76.  They indicated that 
the plasmon intensity change is correlated with the amount of molecules 
bound to the gold surface. This group also emphasized the use of plasmon 
intensity change measurements rather than the use of wavelength shift, as the 
method of choice for achieving maximal sensitivity. However, later theoretical 
and experimental studies by other groups showed that the wavelength shift 
plays an important role in LSPR sensing. According to these studies, the small 
wavelength shift of the plasmon peak which was observed in nanoislands 
studies is due to the weak electromagnetic field of the disordered nanoislands 
on the substrates. In terms of LSPR structure fabrication, when nanoisland 
array for LSPR-based sensing is used, a large area of nanoisland array can be 
fabricated and the fabrication process is simple. While using nanoislands 
enjoys many advantages, it also has some drawbacks, such as the 
uncontrollable size, shape and interparticle distance of the nanoislands. These 
limitations have restricted nanoisland array structures to tune LSPR for 
sensing applications.  
 To overcome the limitations on tuning LSPR for sensing, the more 
ordered LSPR structures, triangular nanoparticle array, have started to be used 
as LSPR-based sensors in biological and chemical sensing 77-80. Van Duyne’s 
group studied triangular nanoparticle array theoretically and experimentally in 
many LSPR-based sensing applications. They described the sensitivity of 
these LSPR-based sensors through the LSPR peak shift. They found that the 
sensitivity to the refractive index of a solvent is as high as 200 optical 
nanometers per solvent RIU (200 nm/RIU)52. They also found that the 




sensitivity to the molecular sensing was illustrated by 3 optical nanometers 
LSPR peak shift for each carbon in an adsorbed alkanethiol molecule78. 
According to their studies, the best demonstration of biological sensing is the 
detection of streptavidin with the limit detection as low as 1 pM. In their 
study, the LSPR peak of silver triangular nanoparticles was monitored during 
each surface modification step in the streptavidin detection study. The LSPR 
peak shift was 27 nm and 4 nm after 100 nM and 1 pM streptavidin exposure, 
respectively. Furthermore, this group also used the triangular nanoparticles 
array to demonstrate the detection of a biomarker for Alzheimer’s disease by 
LSPR wavelength shift measurements with the limit detection as low as 1 
pM79. With such high sensitivity, triangular silver nanoparticle array seems to 
be very promising LSPR sensors for bio-chemical detections as well as for 
disease diagnoses. However, in terms of LSPR structure fabrication, 
nanosphere lithography, is less controllable in comparison with other 
lithographic fabrication methods. In addition, the area of the fabricated 
triangular nanoparticle array is small (in millimeter scale). These 
disadvantages limit the triangular nanoparticle structures to the fabrication of 
large-scale sensor arrays in which multiple species are monitored at the same 
time. 
Nanodisk60 and nanoring7 array nanostructures were introduced to 
chemical/biological sensing in year 2007 by Sutherland group in an attempt to 
further improve the sensitivities of LSPR-based sensors. By tuning the aspect 
ratio of the disks and the rings, this group found that the sensitivities to the 
refractive index of a solvent are as high as 173 nm/RIU (nanodisks) and 880 
nm/RIU (nanorings)7, 60. They showed that the higher the aspect ratio is, the 




higher the sensitivity is. They also demonstrated molecular sensing by 
detecting protein-protein binding event at low pM and fM concentrations7. 
Although high sensitivity is a major improvement of this study, the fabrication 
method is still a limitation of this study, as the hole-mask lithography being 
used to fabricate LSPR nanostructure is a multi-step fabrication process, 
which is complicated and time-consuming. 
The above studies in biological LSPR sensors are based on biotin-
streptavidin and antibody-antigen interactions which are the most common 
molecular recognition interactions employed in LSPR-based sensing due to 
their strong binding affinities. Besides, DNA hybridization has been also used 
in LSPR biological assays. 
The earliest study on LSPR-based DNA sensing was demonstrated in 
20035. The gold nanoislands were used as plasmonic optical transducers to 
detect DNA hybridization based on hydrogen binding between two single-
stranded DNA. The binding between two single-stranded DNA causes the 
LSPR peak shift. This LSPR shift was enhanced if the DNA modified with 
gold nanoparticles. Later on, Park et.al also demonstrated the detection of 
DNA immobilization with the same principles81. However, they used Ag/Au 
nanostructures as the plasmonic transducer of the LSPR-based sensor. 
 Sonnichsen et.al developed a molecular ruler which was used to detect 
the hybridization of DNA oligonucleotides complementary to the single-
stranded DNA (ssDNA)82. Gold nanospheres, 40 nm in diameter, were 
functionalized with streptavidin and immobilized on glass slides. The 
immobilized nanoparticles were then exposed to the nanoparticles 
functionalized with biotinylated ssDNA, allowing the anchored nanoparticles 




to capture the ssDNA-functionalized nanoparticles and form pairs. This 
binding event caused an immediate red-shift and an increase in scattering 
intensity of the immobilized nanoparticles as a result of plasmon resonance 
coupling between the nanoparticles. By continuously monitoring the spectrum 
of nanoparticle pairs, the dynamics of DNA hybridization can also be 
observed.  
The assays mentioned above have been carried out on surface 
immobilized nanoparticles which were created by nanofabrication techniques. 
Although nanoislands, triangular nanoparticles, nanodisks, and nanorings are 
more or less ordered, the confinement of nanoparticles into array has manifold 
advantages. Firstly, the interparticle distances and positions of nanoparticles 
can be controlled, since they are immobilized on the substrates. Secondly, no 
capping agents or stabilizers are needed; therefore, they can be readily 
functionalized or indeed used for sensitive measurements in their pristine 
state. Thirdly, adsorbed substances can be desorbed and bound molecules can 
be released with the concomitant recovery of the original LSPR state; thus 
sensing can be repeatedly and continuously performed. These advantages and 
the future challenges in the development of large-scale, low-cost LSPR-based 
sensor array, composed of highly miniaturized signal transducer elements that 
enable real-time, parallel monitoring of multiple species, are important driving 








1.3 Motivations and objectives 
The above studies on localized surface plasmon resonance 
nanostructures for bio-chemical sensing provide a route to the fabrication of 
ordered nanoparticle arrays in which localized surface plasmon resonance can 
be tuned for sensing applications. According to these studies, the use of 
localized surface plasmon structures for sensing applications relies on 
advanced nanofabrication techniques which can create effective metallic 
nanostructures. Many nanofabrication techniques have been used to fabricate 
localized surface plasmon structures; however, they faces the limitations either 
of high operating cost, low throughput, or the small fabricated area of the 
nanostructures can be achieved. In order to circumvent the limitations of 
current techniques in bio/chemical sensing application, the overall aim of this 
study is to explore the technique for the fabrication of plasmon nanostructures 
for biological sensing with high sensitivity and specificity by using laser 
interference lithography. More specifically, the objectives of this research are 
to: 
• Fabricate periodic 2D localized surface plasmon metallic 
nanostructures with various sizes, shapes, array spacings and 
symmetries over large areas (cm2 range) by means of laser interference 
lithography. 
• Explore optical properties of localized surface plasmon resonance of 
fabricated nanostructures. 
• Tune the localized surface plasmon resonance properties in order to 
improve the sensitivity of sensors. 




• Use the fabricated nanostructures as optical transducers for LSPR-
based biological sensing. 
The results of this research may have significant impact on the 
fabrication of localized surface plasmon nanostructures for bio/chemical 
sensing application. It may provides an alternative approach to fabricate a 
large scale of chip-based sensors that enable real-time, parallel monitoring of 
multiple species.  
1.4 Organization of thesis 
This thesis is directed towards to the design, fabrication and 
application of plasmonic structures by laser interference lithography technique 
and optimization of fabricated plasmonic structures for biological sensing with 
high sensitivity and selectivity. With this scope, the thesis is divided into 7 
chapters.  
Chapter 1 is the introduction of motivations and objectives as well as 
the organization of the thesis. It also includes a brief literature reviews about 
plasmonic nanostructure fabrication and biological LSPR-based sensing in 
previous studies. 
Chapter 2 is a brief description of fundamental physics of surface 
plasmon and how it applies to biological sensing. The interaction between 
light and nanostructures to form enhanced local electromagnetic field on the 
surface of nanostructures is discussed. The optical properties of plasmonic 
nanostructures and how to use these unique optical properties in sensing 
applications also discussed. 
Chapter 3 shows experimental results in plasmonic structure 
fabrication by laser interference lithography and their optical properties. The 




home-built setup of 325nm He-Cd laser interference lithography system and a 
brief description about working principles of this system are described. 
Experimental techniques are discussed in detail to achieved different 
plasmonic nanostructures over a large area. The optical properties of 
fabricated plasmonic structures and their promising applications are discussed. 
Chapter 4 is a systematic study of optical properties of 2D gold 
nanoantenna arrays. Experimental and simulated works are carried out to 
explore the physical phenomenon and interesting optical properties of these 
structures. 
Chapter 5 presents the application of 2D bimetallic Au/Ag nanodisk 
array in DNA sensing. Bimetallic nanodisk array is optimized to get optimum 
refractive index and molecular sensitivity in term of material optimization and 
plasmonic enhancement. An enhancement method based on near-field 
plasmonic interactions is studied systematically through different 
morphologies of DNA strands with supporting by FDTD simulation method. 
The high amplification of system is applied to detect target DNA with ultra-
low limit of detection. 
Chapter 6 presents the application of plasmon-enhanced bimetallic 
Au/Ag nanodisk-gold nanoparticle system in protein molecules (Insulin) and 
small organic molecules (Adenosine) sensing. Sensitivity and selectivity of 
LSPR-based system are studied in details.  
Chapter 7 concludes the research results on plasmonic nanostructure 
fabrication by laser interference lithography and their applications in 
biological sensing. The possible future works are also proposed. 
 









Chapter 2                                  
Theoretical background 
  





In this chapter, the theoretical background on surface plasmon and the 
biomolecular interaction in localized-surface-plasmon-resonance-based 
(LSPR-based) sensing are reviewed. First, the fundamentals about surface 
plasmon are summarized. Then, the physics of localized surface plasmons is 
stated in detail by considering the interaction of metal nanoparticles with an 
electromagnetic wave in order to arrive at the resonance condition. Subsequent 
sections discuss the studies of the effects of interactions between particles in 
ensembles, the effects of size, shape, and material of particles, and how these 
properties can be applied in sensing. The chapter closes with DNA interactions 
and other related molecular interactions and the principles of LSPR-based 
sensors which involving molecular recognition interactions. 
2.2 Physics on localized surface plasmon resonance 
2.2.1 Surface plasmon 
A plasmon is a collective oscillation of the free elections in a noble 
metal83. The presence of an external electric field causes the displacement of 
the free electron gas with respect to the fixed ionic cores. At the surface of a 
metal, plasmons take the form of surface plasmon. Surface plasmons (SPs) 
interact strongly with light resulting in polaritons at the metallic surfaces. 
There are two types of surface plasmons depending on how SPs exist on the 
surface: propagating surface plasmons and localized surface plasmons. 
A propagating surface plasmon is an electromagnetic excitation that 
propagates in a wave-like fashion along the planar interface between a metal 
and a dielectric medium27, 84. These electromagnetic surface waves arise via 




the coupling of the electromagnetic fields to the electron plasma oscillations of 
the conductor. 
SPs at the interface between a metal and a dielectric material have a 
combined electromagnetic wave and surface charge character as shown in Fig. 
2.1. They are transverse magnetic in character (H is in the y direction), and the 
generation of surface charge requires an electric field normal to the surface. 
This combined character also leads to the field component perpendicular to the 
surface being enhanced near the surface as shown in Fig. 2.1 (a) and decays 
exponentially with a distance away from it as shown in Fig. 2.1 (b). The field 
decay length in the dielectric medium above the metal ߜௗ  is in the order of half 
the wavelength of the incident light; whereas the decay length into the metal 
ߜ௠  is determined by the skin depth, and is often orders of magnitude smaller 
than 	ߜௗ . 
 
Figure 2.1 (a) The combined electromagnetic wave and surface charge 
character of SPs at the interface between a metal and a dielectric 
material, (b) the field decay lengths27. 




The interaction between the surface charge density and the 
electromagnetic fields results in the momentum of the SP (ħksp) being greater 
than that of a free-space photon of the same frequency (ħko)27. By solving 
Maxwell’s equations under appropriate boundary conditions, we can obtain 
the expression for the frequency-dependent SP wave vector ݇௦௣: 
݇௦௣ = ݇௢ඨ
ߝ௠ߝௗ
ߝ௠ + ߝௗ 									(2.1) 
where ߝ௠ is the frequency dependent permittivity of the metal, and ߝௗ is the 
permittivity of the dielectric. For SP to be possible, ߝ௠ and	ߝௗ, must have 
opposite signs. This condition is satisfied for metals because ߝ௠ is negative. 
The SP wave vector ݇௦௣is plotted in Fig. 2.2.  
As seen from the surface plasmon polariton (SPP) dispersion relations, 
the SPP wave vector is larger than the photon wave vector in the adjacent 
dielectric medium. Thus, the illuminating light cannot be directly coupled to 
surface polaritons. There are three main techniques by which the missing 
momentum can be provided by using either photon tunneling in the total 
 
Figure 2.2 Dispersion relation of surface plasmon polariton at a dielectric-
metal interface27. 




internal reflection geometry (by prism) or diffraction effects (on grating or on 
surface defects) as shown in Fig. 2.3. The first makes use of prism coupling to 
enhance the momentum of the incident light85-86. The second makes use of a 
periodic corrugation in the surface of the metal87. The third involves scattering 
from a topological defect on the surface, such as a sub-wavelength protrusion 
or hole, which provides a convenient way to generate SPs locally88-89. 
In the prism coupling technique, incident light passes through an 
optically dense medium (prism) to increase its wave vector momentum. Under 
a suitable wavelength and angle, total internal reflection can be achieved 
where the incident beam reflects off at an interface between the optically 
dense glass and metallic layer (Kretchmann configuration as shown in Fig. 2.3 
(a)) or less dense dielectric (Otto configuration as shown in Fig. 2.3 (b)). At 
that angle of incidence, at which the in-plane component of the photon wave 
 
Figure 2.3 SPP excitation configurations: (a) Kretschmann geometry, (b) 
Otto geometry, (c) diffraction on a grating, and (d) diffraction on surface 
features84. 




vector in the prism coincides with the SPP wave vector at the air–metal 
interface, resonant light tunneling through the metal film occurs, and light is 
coupled into surface polaritons. Under these resonant conditions, a sharp 
minimum is observed in the reflectivity from the prism–metal interface as 
light can be coupled into SPPs with almost 100% efficiency84. 
Another way to provide the wave vector conservation for SPP 
excitation is to use diffraction effects. A diffraction grating is created on a part 
of a smooth metallic film. Components of the diffracted light whose wave 
vectors coincide with the SPP wave vector are coupled to surface polaritons 
(Fig. 2.3(c)). Diffraction on a periodic structure provides the wave vector 
conservation and coupling to surface polaritons90. 
On a rough surface, diffraction of light on the surface features can 
provide coupling into the SPP modes on both the air–metal and glass–metal 
interfaces (Fig. 2.3(d)). This is possible since in the near field region, all wave 
vectors of the diffracted components of light are present91-92. Thus, SPPs can 
be excited in conventionally illuminated rough surfaces. The problem with 
random roughness is the irregular SPP excitation conditions, resulting in the 
low efficiency of light-SPP coupling. 
Localized surface plasmons (LSPs) on the other hand are non-
propagating excitations of the conduction electrons of metallic nanostructures 
coupled to the electromagnetic field73 (Fig. 2.4). When a particle with a 
relative small size is put in an oscillating electromagnetic field, the particle’s 
free electrons participate in the collective oscillation. The curved surface of 
the particle plays as an effective restoring force to drive the free electron 
oscillation, so that a resonance can arise, leading to field enhancement both 




inside and outside the particle23. This resonance is called the localized surface 
plasmon resonance. Moreover, due to the curvature of the particle surface, 
localized surface plasmons can be resonantly excited by direct light 
illumination with appropriate frequency (and polarization) irrespective of the 
exciting light wave vector.  
The LSPs have two important effects. Firstly, electric fields near the 
particle’s surface are greatly enhanced, this enhancement being greatest at the 
surface and rapidly falling off with distance. Secondly, the particle’s optical 
extinction has a maximum at the plasmon resonant frequency, which occurs at 
visible wavelengths for noble metal nanoparticles. This extinction peak 
depends on the refractive index of the surrounding medium and is the basis for 
the sensing applications, which are the subject of this thesis. 
To understand in depth localized surface plasmon resonances (LSPRs) 
and their properties, in the next section we explore in detail the physics of 
localized surface plasmons by first considering the interaction of metal 
 
Figure 2.4 Schematic illustration of a localized surface plasmon16. 




nanoparticles with an electromagnetic wave in order to arrive at the resonance 
conditions. Subsequently, the studies of plasmon resonances in particles of a 
variety of different sizes, shapes, and materials and the effects of interactions 
between particles in ensembles are discussed. Importantly, the employment of 
LSPR in sensing applications is emphasized. 
2.2.2 Localized surface plasmon resonance 
In order to understand the optical properties of a metal film and a 
nanostructure, the metallic material properties have to be calculated using 
solid state theory – Drude model. In the model, a gas of free electrons of 
number density N moves against a fixed background of positive ion cores, 
with an assumption that some aspects of the band structure are incorporated 
into the effective optical mass m of each electron. The electrons oscillate in 
response to the applied electromagnetic field, and their motion is damped via 
collisions occurring with a characteristic collision frequency	ߛ଴ = 1/߬. ߬ is 
known as the relaxation time of the free electron gas. 
Based on the assumptions, the dielectric function ε(ω) of the free 
electron gas is obtained by solving a motion equation for an electron of the 
plasma sea subjected to an external electric field. It is well predicted by the 
Drude model, and the resulting equation is shown in Eq. 2.2: 
ߝ(߱) = 	 ߝ∞ −
߱௣ଶ




߱ଷ 	≈ ߝଵ + ݅ߝଶ				(2.2) 
where ߱௣ is the plasma frequency and ߛ଴ is the electron relaxation rate. ߝஶ 
includes the contribution of the bound electrons to the polarizability and 
should have the value of 1 if only the conduction band electrons contribute to 
the dielectric function. 




2.2.2.1  Resonance condition and local electromagnetic field enhancement 
The interaction of a metal nanoparticle with the electromagnetic field 
can be analyzed using the simple quasi-static approximation, provided that d 
<< λ, where d is the nanoparticle diameter and λ the radiation wavelength of 
the electromagnetic field23, 93. For particles with a diameter d << λ , all the 
conduction electrons inside the particle move in phase upon plane-wave 
excitation, leading to a buildup of polarization charges on the particle surface. 
These charges act as an effective restoring force, allowing for a resonance to 
occur at a specific frequency - the particle dipole plasmon frequency.  
For a spherical metal nanoparticle of radius a embedded in a non-
absorbing surrounding medium of dielectric constant and located in a uniform, 
static electric field, is parallel to the z-direction ܧ = ܧ଴(ݖ) a quasi-static 
approximation is used to solve the Maxwell’s equations. The resulting solution 
for the potentials Φ୧୬ inside and Φ୭୳୲  outside the particle, at an arbitrary point 
with the angle between position vector r and the z-axis is θ, are given by23: 
Φ௜௡ = 	−	
3ߝ௠
ߝ + 2ߝ௠ ܧ଴ݎ cos ߠ 																																(2.3) 
Φ௢௨௧ = −	ܧ଴ݎ cos ߠ +	
ߝ − ߝ௠
ߝ + 2ߝ௠ ܧ଴ܽ
ଷ cos ߠ
ݎଶ 						(2.4) 
Where ߝ௠ is the dielectric constant of the surrounding medium, ߝ = ߝ(߱) 
describing the dispersive dielectric response of the metallic sphere (Eq. 2.2). 
Φ୭୳୲	describes the superposition of the applied field and that of a dipole 
located at the particle center. If p is defined as dipole moment and α is defined 
as polarizability to describe the polarization charges which appears on the 
nanoparticle surface. Equation 2.4 is rewritten as23: 









ߝ + 2ߝ௠ ܧ଴ = ߝ଴ߝ௠ߙܧ଴											(2.6) 
ߙ = 4ߨܽଷ ߝ − ߝ௠ߝ + 2ߝ௠ 																																															(2.7) 
Equation 2.7 is the central result of this section, the complex polarizability of a 
small sphere of sub-wavelength diameter in the electrostatic approximation.  
It is apparent that the polarizability experiences a resonant 
enhancement under the condition that |ߝ + 2ߝ௠| is a minimum, which for the 
case of small or slowly-varying image component ε2 = Im[ε(ω)] around the 
resonance simplifies to23: 
ߝଵ = ܴ݁[ߝ(߱)] = 	−2ߝ௠																						(2.8) 
This relationship is called the Fröhlich condition and the associated mode - the 
dipole surface plasmon of the metal nanoparticle. For a sphere consisting of a 
Drude metal with a dielectric function ߝ(߱) = 1 −	ఠ೛మఠమ (from Eq. 2.2) located 
in air, the Fröhlich criterion is met at the frequency	߱଴ = ߱௣/√3 23. 
 Equation 2.8 further expresses the strong dependence of the resonance 
frequency on the dielectric environment: The resonance red-shifts as ߝ௠	is 
increased. The spectral position of this resonance is seen to red shift with 
increasing ߝ௠	due to the build-up of polarization charges on the dielectric side 
of the interface, thus weakening the total restoring force.  Metal nanoparticles 
are thus ideal platforms for optical sensing of changes in refractive index, 
which will be discussed in next sections. 




The distribution of the electric field E can be evaluated from the 
potentials (Eq. 2.3 and 2.4) to23: 
ܧ௜௡ =
3ߝ௠
ߝ + 2ߝ௠ ܧ଴																																						(2.9)	 
ܧ௢௨௧ = 	ܧ଴ +	




As can be seen, the resonance in α also implies a resonant enhancement of 
both the internal and dipolar fields. Many important applications of metal 
nanoparticles in optical devices and sensors rely on this field enhancement. 
From the viewpoint of optics, it is much more interesting to note that 
another consequence of the resonantly enhanced polarization α is a 
concomitant enhancement in the efficiency with which a metal nanoparticle 
scatters and absorbs light23. The corresponding cross sections for scattering 




ଶ = 	8ߨ3 ݇
ସܽ଺ ฬ ߝ − ߝ௠ߝ + 2ߝ௠ฬ
ଶ
										(2.11) 
ܥ௔௕௦ = ݇ܫ݉[ߙ] = 	4ߨ݇ܽଷܫ݉ ൤
ߝ − ߝ௠
ߝ + 2ߝ௠൨									(2.12) 
For small particles (ܽ ≪ ߣ), the efficiency of absorption, scaling with 
ܽଷ, dominates over the scattering efficiency, which scales with ܽ଺,. The 
expressions for the cross sections in Eq. 2.11 and 2.12 are valid also for 
dielectric scatterers, and demonstrate a very important problem for practical 
purposes. Equations 2.11 and 2.12 also show that absorption and scattering 
(and thus extinction) are resonantly enhanced at the dipole particle plasmon 
resonance. For a sphere of volume V and dielectric function ߝ = ߝଵ + ݅ߝଶ (Eq. 




2.2) the quasi-static limit, the explicit expression for the extinction cross 




ଷ/ଶܸ ߝଶ[ߝଵ + 2ߝ௠]ଶ + ߝଶଶ 																		(2.13) 
A general case, for a particle with three dimensions of  ܽଵ, 	ܽଶ, 	ܽଷ, an 
analogous polarizability ߙ௜	along the principal axes expression can be found in 
the quasistatic approximation via introducing geometrical factors ܮ௜ along 
these axes, leading to94-95: 
ߙ௜ = 4ߨܽଵܽଶܽଷ
ߝ(߱) − ߝ௠
3ߝ௠ + 3ܮ௜(ߝ(߱) − ߝ௠) , Σܮ௜ = 1						(2.14) 
For spherical particles,	ܮଵ = ܮଶ = 	ܮଷ = 1/3. For spheroidal particles	ܮଵ =
ܮଶ, the plasmon resonance thus splits into a strongly red shifted long-axis 
mode (polarization parallel to the long axis) and a slightly blue shifted short 
axis mode (polarization perpendicular to the long axis). 
For larger particles, the size is comparable or larger than the 
wavelength, the spectral response is modified due to retardation effects and the 
excitation of higher-order (quadrupole and higher) modes23, 89, 94. The spectral 
signature of which can be calculated by retaining the higher orders of the Mie 
theory scattering coefficients. In general, the spectral position, damping, and 
strength of the dipole as well as of the higher-order plasmon resonances of 
single metal nanoparticles depend on the particle material, size, geometry, and 
the dielectric function of the surrounding medium.  
2.2.2.2 Coupling between localized surface plasmons 
The localized plasmon resonance of a single metallic nanoparticle can 
be shifted in frequency from the Fröhlich frequency which defined by Eq. 2.8 




via alterations in particle shape and size. When particles with the size of  R 
arrange into ordered array with interparticle spacing d (d ≫ R, so that the 
particles can be treated as point dipoles23, 96), there are two types of couplings 
have to be distinguished: near-field and far-field couplings.  
 
For closed space particles, near-field couplings can be described as an 
array of point dipoles interacting via their near-fields. Near-field couplings 
lead to the suppression of scattering into the far-field. It results in strong field 
localization in nano-sized gaps between adjacent particles. Moreover, the 
interparticle coupling also leads to the shifts in the spectral position of the 
plasmon resonance compared to the case of an isolated particle. As sketched in 
Fig. 2.5, depending on the polarization direction of the exciting light, the 
restoring force acting on the oscillation of electrons in each particle is either 
increased (transverse polarization) or decreased (longitudinal  polarization) by 
 
Figure 2.5 Schematic illustration of near-field coupling between metallic 
nanoparticles for the two different polarizations23. 




the charge distribution of neighboring particles. It results in the blue shift or 
red shift of the plasmon resonance, respectively. 
For a larger interparticle distance, far-field coupling is dominant. This 
far-field coupling comes from the diffraction by the periodic array of particles, 
resulting in pronounced influences on the plasmon spectrum, both in 
resonance frequency and spectral width. This phenomenon will be studied in 
chapter 4. 
2.2.2.3 Effect of particle materials, sizes, and shapes 
As can be seen from Eq. 2.7, 2.10, and 2.13, the LSPR properties 
depend strongly on the particle materials, size, and shape. The polarizability is 
a function of complex dielectric function of metallic particles ߙ = 	ߙ൫ߝ(߱)൯ 
(Eq. 2.7). For certain metal, the general form of dielectric function is ߝ = ߝଵ +
݅ߝଶ (Eq. 2.2). While the real part of the dielectric function (denoted by ߝଵ) 
describes the strength of the polarization induced by an external electric field, 
the imaginary part (denoted by ߝଶ) describes the losses encountered in 
polarizing the material. Thus, a low loss material is associated with small 
values of	ߝଶ. Because plasmonic applications require materials with 
negative	ߝଵ, Eq. 2.2 clearly indicates that this requirement is satisfied for 
materials with a plasma frequency higher than the desired frequency of 
application. Because metals tend to have large plasma frequencies and high 
electrical conductivity, such as gold, silver and copper, they have traditionally 
been the materials of choice for plasmonics97.  
Furthermore, the complex polarizability of the particle is proportional 
to the particle volume (Eq. 2.2 and 2.14). It obviously indicates that the LSPR 




properties depend strongly on the particle size, and shape. In addition, the 
magnitude of the scattering cross-section is proportional to	ܽ଺, while 
absorption is proportional to ܽଷ. Because of the prefactors, for the small 
particles, LSPR extinction is dominated by absorption, and as particle size 
increases, scattering dominates23, 96. For Drude and the noble metals, the 
overall shift is towards lower energies and the spectral position of the dipole 
resonance shifts to a longer wavelength with increasing particle size. It can be 
explained that the distance between the charges at opposite interfaces of the 
particle increases with its size; hence, leading to a smaller restoring force and 
therefore a lowering of the resonance frequency. The plasmon resonance line-
width also varies with particle size, due to a combination of interband 
transitions, which contributes to increased line-width for small particles, and 
higher order (nondipole) plasmon modes, which contribute to increased line 
width for larger particles. Furthermore, there has been an interest in 
nanoparticle shapes with sharp features or tips where the electrons are 
concentrated. Sharp features create a localized sensing volume of highly 
enhanced electric field intensity which suggests an additional benefit for 
molecular detection. 
Ultimately, the factors of particle shape, size are all interrelated and 
they contribute to the sensitivity of the plamon-based sensing. These factors 
are further conflated with the effects of material composition of the particles, 
with substrate effects, and with additional dielectric effects. 
2.2.2.4 Sensing with localized surface plasmon resonance 
a. Refractive index sensing 




The simplest sensing application of LSPR-active particles is to detect 
changes in the bulk refractive index of their environment through shifts in the 
LSPR peak wavelength. LSPR peaks are typically detected by spectral 
extinction measurements on an array of plasmonic structures or spectral 
scattering measurements on single nanoparticles13, 16-18.  
The LSPR peak wavelength shift is approximately linear with changes 
in refractive index of the surrounding medium. Therefore, the refractive index 
sensitivity of a particular nanoparticle type is usually reported in nanometers 




Note that, although the plasmon resonance wavelength is not strictly linear 
with the index of refraction, it is linear to a good approximation over a small 
range of refractive index n.  
Because LSPR sensing is based on spectral peak shifts, the precision 
that can be achieved with respect to changes in the refractive index depends on 
the sensitivity, ܵோூ, and the resonance peak line-width. Larger nanoparticles 
tend to have high sensitivities, but their peaks are broadened by multipolar 
excitation and radiative damping. A figure of merit (FOM) obtained by 
dividing the refractive index sensitivity by the full width at haft maximum 
(FWHM) of resonance peak is widely used to characterize a nanoparticle’s 
sensing capability18, 98: 
ܨܱܯ =	 ܵோூܨܹܪܯ																	(2.16) 




b. Molecular sensing 
While LSPR sensors can detect changes in bulk refractive index for 
calibration, they are unique for their localized sensing capabilities. As 
described in previous sections, field enhancements due to LSPR decay rapidly 
with distance from the nanoparticle surface; therefore, spectral LSPR shifts 
only probe a nanoscale region around the particle16, 93. This highly localized 
sensing volume allows one to observe molecular interactions near the 
nanoparticle surface because they result in changes in the local refractive 
index. Figure 2.6 for an illustration of the contrast between bulk and molecular 
sensing by LSPR18. 
 
Figure 2.6 Schematic illustration of bulk refractive index sensing and 
molecular sensing18.  




A common mechanism of molecular sensing is the interaction of 
enhanced local field of particles, which decay exponential to the distance from 
the surface of the particles, with the molecules adsorbing or binding to 
receptors immobilized on the surface particles. Several equations have been 
developed to describe how the LSPR is used for both sensing and 
spectroscopic experiments2, 99. For example, the LSPR extinction (or 
scattering) wavelength maximum, ߣ௠௔௫, is sensitive to the dielectric constant 
ε (or refractive index, n). Thus, changes in the local environment—such as 
through the presence of an adsorbed species— should cause a shift in 
resonance wavelength, ߣ௠௔௫. The LSPR spectral shift (Δλ) in response to 
changes in refractive index is approximately described as13: 
Δߣ	 ≈ ݉(݊௔ௗ௦௢௥௕௔௧௘ −	݊௠௘ௗ௜௨௠) ൤1 − exp ൬−
2݀
݈ௗ ൰൨																		(2.17) 
where m is the sensitivity factor (in nm/RIU), ݊௔ௗ௦௢௥௕௔௧௘ and ݊௠௘ௗ௜௨௠ are the 
refractive indices (in RIU) of the adsorbate and medium surrounding the 
nanoparticle, respectively, d is the effective thickness of the adsorbate layer 
(in nm), and ݈ௗ is the electromagnetic field decay length (in nm). LSPR shifts 
are maximized by optimizing the nanoparticle characteristics, m and ݈ௗ, as 
well as the Δn due to molecular adsorption. The former requires careful 
selection of nanoparticle size, shape and composition, and the latter can be 
achieved with the use of larger molecules and resonant labels13. These factors 
are going to optimized for higher sensitivity of biomolecule sensing in chapter 
5 and chapter 6. 
 




2.3 Molecular interactions in LSPR-based biological 
sensors  
A typical LSPR biosensor comprises two key components including a 
receptor (or a recognition element) and a transducer (Fig. 2.7)100-101. A 
receptor provides the selectivity that enables the biosensor to recognize a 
specific analyte or a group of analytes and reduce the interferences from other 
substances. Transducers are nanostructures which support LSPR. A transducer 
usually imparts the sensitivity that makes the biosensor possible to transform 
the biological information from receptors into measurable signals and magnify 
these signals to be reliably detected and quantified in some cases. To enhance 
the signals, amplifiers are used. Amplifiers usually are metallic nanoparticles 
or high mass organic molecules. These amplifiers help either to increase the 
refractive index in the local area or to increase the local electromagnetic field 
so that to enhance the LSPR signals.   
 
Figure 2.7 A concept of the typical DNA/LSPR-based biosensor. 




The receptors of a biosensor can be any biological or biochemical 
entities, such as DNA, peptide, protein, and even whole cell100, 102. 
Conventional bio-receptors using protein-based binding molecules (e.g. 
antibody) offer high affinity, high specificity, and fast response time, but they 
still suffer from several drawbacks, including complex handling procedures, 
relatively high cost, easy contamination, and lack of generality for a wide 
range of analytes103. 
In contrast, DNA or oligonucleotide (short DNA strands with twenty 
or fewer bases) based receptors hold great promise for a number of 
competitive advantages: (1) Because of their simple chemical compositions, 
oligonucleotides are easily and reliably synthesized in vitro. (2) 
Oligonucleotides are able to be functionalized by various terminal groups (e.g. 
biotin and thiol), which make them conveniently coupled with transducers. (3) 
Because of DNA’s predictable and tailorable structures, oligonucleotides can 
be designed into specific sequences for selectively binding a broad range of 
targets. (4) Oligonucleotides show high thermodynamic stability in 
physiological solution. (5) DNA can be manipulated by other biological 
molecules (e.g. enzyme) for further detection of multiple targets. These 
significant features make DNA (or oligonucleotide) as a suitable candidate for 
sensing of various analytes, recognition of different biological structures (e.g. 
DNA double helix and G-quadruplex models), and monitoring of relative 
biological reactions (e.g. enzymatic catalysis, protein assembly, and cell 
division)1, 100, 103.  
The rapid evolution of nucleic acid-based assays in the form of DNA 
chips is one of the latest developments in biosensor research. The concept of a 




million hybridization assays performed simultaneously on an one-square 
centimeter planar chip has been in common with the goal of high-density 
sensor arrays. Although the transducer in many DNA chips is not yet fully 
integrated, the commonality of the technologies is apparent, and a number of 
experimental nucleic acid biosensors have been described in the literature 
linked to electrochemical, optical, or piezoelectric detection methods1. 
 In this thesis, we focus on a biosensor using a DNA receptor, nanodisk 
array transducer and oligonucleotide modified gold nanoparticles as 
amplifiers.  
2.3.1 Interactions between DNA receptors and analytes 
2.3.1.1 Structure of nucleic acids 
Nucleic acids are the long chains of nucleotide units, or 
polynucleotides104.  Each nucleotide consists of a nitrogenous heterocyclic 
base, a ribose sugar, and a phosphategroup (Fig. 2.8). The sugar residues are 
covalently joined by 3’ → 5’ phosphodiester bonds, forming a polarized but 
invariant backbone with projecting bases. There are two classes of nucleic 
acids, ribonucleic acid (RNA) and deoxyribonucleic acid (DNA). DNA is 
more flexible and stable in alkaline conditions than RNA, contributing the 
main reason for DNA as the major genetic materials, and used in most genetic 
sensors. Genetic information in DNA is carried by the four bases: cytosine 
(C), thymine (T), adenine (A), and guanine (G). The combination of the four 
bases determines the genetic information. Oligonucleotides are short nucleic 
acids, usually with base number no more than 100 in length. Chemically 
synthesized oligonucleotides are essential for use in many laboratory 




techniques, including DNA sequencing, polymerase chain reaction, nucleic 
acid probe, nucleic acid hybridization, and gene therapy. 
A typical oligonucleotide used as a bio-receptor is a single stranded 
deoxyribonucleic acid (or ssDNA. To develop a reliable ssDNA recognition 
element, the most important prerequisite is the prediction of possible chemical 
interactions between the DNA and its binding analytes and transducer 
elements. In next sections, three types of interactions will be discussed: 
hydrogen bonding and combinational interactions between DNA and analytes, 
and interaction between DNA and gold transducer surface. 
2.3.1.2 Hydrogen bonding 
In a DNA recognition system, hydrogen bonding interactions are 
mainly found between DNA bases (nucleobase), resulting in highly specific 
Watson–Crick base pairs. A natural ssDNA possesses four types of 
nucleobases including adenine (A), thymine (T), cytosine (C) and guanine (G). 
Among them, adenine and guanine are fused five- and six-membered 
heterocyclic compounds known as purines, while cytosine and thymine are 
six-membered rings called pyrimidines. Purines can interact with pyrimidines 
by the formation of different numbers of hydrogen bonds. (For example, G-C 
contains three hydrogen bonds and A-T has two ones (Fig. 2.8(a))) 
 Therefore, one single stranded DNA can interact with a 
complementary DNA in the form of a double stranded DNA (dsDNA) by the 
base pairing (Fig. 2.8(a)). Since hydrogen bonds are relatively weak, double 
stranded DNAs can be easily broken (denatured) and rejoined (hybridized). 
The two strands of DNA in a double helix can be manipulated like a zipper by 
changing temperatures. More importantly, the total strength of this interaction 




can be measured by a UV-vis spectrometer through finding a temperature 
required to break the hydrogen bonds between two matched DNAs. The 
temperature is called the DNA melting temperature104. Obviously, this 
property relied on the reversible and specific interaction between 
complementary base pairs, can be used for detection of DNA targets. 
 In addition to double stranded DNAs, hydrogen bonding interactions 
also play important roles in other DNA structures. In a DNA G-quartet 
structure105, for example, four guanines assemble by hydrogen bonds between 
the Hoogsteen  and Watson-Crick faces of adjacent guanine, resulting in a 
 
Figure 2.8 Schematic illustrations of (a) the structure and dimension of 
duplex DNA and (b) G-quadruplex DNA. 




very stable and highly symmetric configuration, which is very useful for the 
analyses of metal ions and organic molecules (Fig. 2.8(b)). 
2.3.1.3  Combinational interactions 
Since 1990, a new nucleic acid receptor called aptamer, has been 
extensively developed for detection of a wide variety of targets from small 
organic molecules to biological entities or whole organisms103, 106-107. 
Aptamers are single stranded oligonucleotides with specific sequences and 
complex three-dimensional secondary or/and tertiary structures described as 
loops, hairpins, triplexes, stems, and quadruplex (Fig. 2.9). The capability of 
binding aptamers to a certain analyte results form a combinational interactions 
 
Figure 2.9 Schematic illustrations of interaction between DNA and (a) 
proteins and (b) small organic molecules – ATP, and the second 
structures of DNA strands after the interaction. 




between this oligonucleotide and target molecules, which include steric and 
structure compatibility, hydrogen and coordination bonding, electrostatic and 
Van der Waals interactions, and even the orientation of aromatic rings. These 
combinational interactions provide aptamers a specific recognition capability 
for certain targets with high affinities, specificities and stabilities. 
Proteins bind the DNA by combinational interactions, which are very 
important to study the behaviors of DNAs in cells.  For instance, Thrombin is 
an important serine protease in the blood coagulation cascade. It has a 
fibrinogen-recognition exosite and a heparin-binding exosite where thrombin 
aptamer interact and bind to in order to form a chair-type G-quadruplex 
structure (Fig. 2.9 (a))108-109. In addition, insulin is a polypeptide hormone 
which regulates carbohydrate metabolism in human body. Recently, 
researchers have reported that insulin is captured by an oligonucleotide 
containing two repetitions of the insulin-linked polymorphic region (ILPR) 
sequence12, 110. The ILPR is located at the human insulin gene promoter and 
can form an intramolecular G-quartet structure. Szostak and his coworkers 
have used an in vitro selection to isolate an aptamer that can selectively bind 
adenosine/ATP with a dissociation constant of 6±3μM105. The interactions 
between the aptamer and ATP analogs involved the functional groups on both 
the nucleobases and the sugar of ATP. The authors proposed the model of this 
ATP/aptamer structure that is based on a stable framework composed of 
stacked G-quartets and short stems, resulting in a pocket-like site for binding 
adenosine or ATP targets (Fig 2.9 (b)). 
The real interactions between DNA receptor and analytes are 
considerably complicated and not well established, more efforts should be put 




in this field to develop a DNA bio-receptor with higher sensitivity and 
selectivity. 
2.3.1.4 Interaction of DNA and gold surfaces 
The chemisorptions of DNA strands that are end-modified with a thiol 
or disulfide group to gold surface are widely utilized in biosensor 
applications111-112. The very strong bonds (~ 44 kcal/mol) in the form of metal 
thiolate between the sulfur head group and the gold surface result in highly 
stable DNA-gold conjugates suitable for DNA-based sensors. The DNA 
molecule functionalized with a thiol (S-H) group at the 3' or 5' end can be 
directly attached to the surface of citrate stabilized gold nanoparticles. This 
method is a general approach for the fabrication of DNA-gold nanoparticle 
conjugates due to its simplicity and high efficiency.  It should be noted that 
there are also plethora of other approaches for attaching DNA probes on the 
surfaces of gold nanoparticles, including the covalent binding of DNA probes 
to a pre-activated particle surface113-115, the adsorption of biotinylated 
oligonucleotides on a particle surface coated with avidin, and the 
immobilization of DNA probes in three-dimensional polymer or inorganic 
matrixes116-119.  
The interaction between DNA and Au surface can be non-specific 
binding. It is due to electrostatic interactions. The sugar-backbones of DNA 
strands contains high negative charge interact electrostatically with the anionic 
properties of gold surfaces. These interactions should be considered in 
biosening assays in which sensing bases on molecular interactions120. 
 




2.3.2 Other molecular interactions in LSPR-based biological 
sensors 
Beside DNA, there have been many reports demonstrating biological 
assays by LSPR-based sensing and characterizing which based on the 
molecular recognition interactions. The most common use in biological LSPR 
sensors is biotin-streptavidin and antibody-antigen interaction due to their 
strong binding affinity18. 
The biotin-streptavidin interaction is often measured when developing 
biological assays because it forms a strong, specific bond, and many reagents 
for bioconjugate techniques based on biotin-streptavidin are readily available. 
Biotin-streptavidin is especially well suited to LSPR sensing because biotin, a 
small organic molecule, can be conjugated to the nanoparticle surface, while 
the index of refraction of the larger streptavidin protein is detected. There have 
been many reports of the biotin streptavidin interaction by LSPR assays. 
Reported streptavidin sensitivity ranges from picomolar to micromolar 
concentrations2, 77, 121-129. 
The immunoassay format that makes use of antibody-antigen 
interaction has been used in many LSPR-based platforms11, 79, 130-138. Capture 
antibodies are typically conjugated to the nanoparticle surface via a self 
assemble molecules and standard bioconjugate linkers. Antibodies would 
achieve their natural affinity while bound to nanoparticles given their 
relatively large size compared to biotin. However, their larger sizes also 
increas the separation between the nanoparticle and target antigen, thus 
lowering the sensitivity and ultimately the limit of detection. Sensitivities are 




typically found in the picomolar range, but no consistent standard has emerged 
to evaluate the limit of detection across different LSPR platforms. 
In addition to biotin-streptavidin and antibody-antigen interactions, 
LSPR sensing has been used to probe other biomolecular interations, such as 
protein-carbohydrate78, 139, aptamer-protein140-142, cytochrome-inhibitor143, and 
toxin-receptor144.  











nanostructure fabrication by laser 
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The ability to fabricate nanoparticles of varying shapes, sizes, and 
materials has been a major facility in applications of localized surface plasmon 
resosoance (LSPR) spectroscopy. Advances in both chemical synthesis and 
nanofabrication allow tuning LSPR wavelength over a wide range from visible 
to infrared region of the electromagnetic spectrum, by changing the size, 
shape, and material of nanoparticles that support the surface plasmons. This 
benefit makes additional flexibilities when designing LSPR sensing 
experiments. Meanwhile chemical synthetic techniques offer the ability to 
fabricate large quantities of nanoparticles, lithographic techniques allow the 
fabrication of periodic arrays with specific particle size, shape, placement, and 
orientation.  Among the various lithography techniques available for pattern 
generation, laser interference lithography allows vast numbers of identical 
structures to be patterned over a centimeter scale area in a short exposure time 
with a simple equipment setup. Moreover, with only widely available micro-
fabrication tools, such as photolithography, metal etching, electron-beam 
deposition, patterns with various symmetries and array spacings; different 
feature sizes, different materials; and with exquisite control over the thickness 
of each layer. 
In this chapter, the setup and working principle of the home-built LIL 
system, that is used to fabricate all plasmonic structures in this thesis, are 
introduced. Then, we explore the possibility of fabricating 2D plasmonic 
nanostructures over a large area on rigid substrates (quartz, silicon) and 
flexible substrates (Polyethylene naphthalate or PEN) by a home-built LIL 
system. Furthermore, the optical properties of varied sizes, shapes, and 




materials of 2D plasmonic nanostructures and their potential applications are 
investigated.  
3.2 Laser interference lithography 
The principle of interference lithography is based on the interference 
theory of light: the interference of coherent light waves generates sinusoidal 
varying standing wave patterns145. For laser interference lithography - LIL, 
two coherent laser beams interfere to form grating patterns which can be 
recorded onto a layer of light sensitive polymer materials, such as 
photoresist146-148. The period (P) of the standing wave, as given by Eq. 3.1 
below149: 
ܲ = 	 ߣ2ݏ݅݊ߠ																									(3.1) 
where λ is the wavelength of the laser source and θ is the half-angle at which 
 
Figure 3.1 Schematic illustration of the resulting standing waves generated 
by interference of two laser beams68. 




the two beams intersect. The schematic illustration of the resulting standing 
waves generated by the interference of two light beams is shown in Fig. 3.1.  
Two-dimensional (2D) nanostructures are readily generated by rotating 
the substrate after the first exposure, and performing a second and a third 
exposure. Assuming equal exposure times for the two exposures, the incident 
dose distribution is the superposition of two perpendicular sinusoidal standing 
waves, which can be expressed as150: 
I = Asinଶ ൬πp X൰ + Asin
ଶ ൬πp Y൰														(3.2) 
where A is the peak dose in each standing wave, and p the period of the 
interference pattern. Equation 4.2 is plotted in Fig. 3.2. 
The maxima and minima correspond to the superposition of the 
 
Figure 3.2 Illustration of dose distribution as results of superposition of 
two perpendicular grating exposures of equal amplitude150. 




maxima and minima of the perpendicular X and Y sinusoids, respectively 
meanwhile the saddle points separate consecutive maxima and minima. By 
assuming the incident beams are exactly superposed, the dose at the maxima is 
2A, at the saddle point is A, and at the minima is 0. Depending on the 
properties of the photoresist, hole or pillar array can be achieved. 
There are several different setups for laser interference lithography and 
each setup has its own advantages and disadvantages146, 151. Lloyd’s mirror 
configuration is chosen due to its simplicity147. Figure 3.3 displays the 
schematic drawing and the experimental setup of the LIL system. 
The main components of the LIL system include: laser source, spatial 
filter, and rotation stage, each of them have their own functions. The laser 
source is Helium Cadmium (He-Cd) continuous wave laser (Kimmon, Japan) 
with the power of 20 mW. The laser wavelength λ is 325 nm with a long 
coherence length of 10 cm, which makes it suitable for interference 
 
Figure 3.3 Home-built He-Cd laser interference lithography system. 




lithography purpose147. The laser beam is guided to the spatial filter by a set of 
mirrors. The spatial filter includes an objective lens and a 10 µm diameter 
pinhole. The diameter of the pinhole approximately smaller than or equal to 
the focused laser beam size. The role of the spatial filter is to filter out the 
frequency noise to obtain a uniform Gaussian profile laser beam; and to 
expand the laser beam so that a large beam diameter with uniform intensity 
can be obtained after the pinhole147. Moreover, a nearly approximated plane 
wave over the exposure area is achieved by the expansion of the laser beam by 
the spatial filter. The diameter of the expanded beam at the rotation stage 
depends on the distance between spatial filter and the rotation stage. The 
rotation stage is installed in front of the spatial filter with a mirror mounted 
perpendicularly to a sample holder. A part of the expanded beam is shined 
directly onto the sample which is held by the sample holder, the rest of the 
beam is reflected by the mirror to the sample surface and interferences with 
the direct incident light part to create a grating-like standing wave, which is 
recorded on the photoresist on the sample surface. Because the mirror is 
mounted perpendicularly to a sample holder, light beams always reflect at the 
same angles as the original incident beam. Therefore, the periods of the 
fabricated pattern can be changed by altering the angle of the incident beam 
via rotating the rotation stage. At different angles of the incident light, 
different standing wave periods can be obtained; therefore, different periods of 
the pattern can be generated as mentioned in Eq. 3.1. However, due to the 
optical diffraction limit, the smallest the period of the standing wave can only 
be achieved as a half of the laser wavelength152. Therefore, depending on the 
laser source, structures of sub-micronmeter to nanometer scale dimensions can 





3.3 Results and discussion  
There are two common methods to fabricate the well-ordered 
plasmonic 2D nanostructures on substrates by LIL technique: Lift-off and 
etching. Lift-off is known as an additive process and etching is a subtractive 
process. In the lift-off process, a sacrificial photoresist layer is defined on the 
substrate by LIL. The metallic pattern is created by coating metallic films onto 
the photoresist pattern and then lifting off the sacrificial layer. Any material 
which is deposited on the sacrificial layer is removed, while any material 
which is in direct contact with the substrate remains. In the etch process, the 
coating of metallic film on the cleaned substrates is carried out firstly followed 
by photoresist coating. The defined pattern by LIL on the photoresist layer is 
transferred to the metal layer on the substrate by etching process. In this 
etching step, the metal area which is not covered by the photoresist is etched 
away.  
3.3.1 Lift-off fabrication process 
The remarkable advantage of lift-off process by LIL which is used to 
fabricate the structures in this thesis is its simplicity, because it involves only 
one photolithography step without any masks and the process is completely 
standard. Figure 3.4 outlines the main experimental steps of single-layer 
photoresist lift-off process by LIL technique. As can be seen, four main steps 
are needed to get the patterns on the substrates. 






Figure 3.4 Illustration of lift-off process fabrication. 




3.3.1.1  Substrate preparation and photoresist coating 
There are several types of materials that are suitable as substrates for 
plasmonic structures, such as glass, quartz, silicon (rigid substrates) and PEN 
(flexible substrates). In the fabrication, quartz substrates are used due to its 
excellent optical properties, which is the ideal material to transmit light over a 
broadband of wavelength. It has excellent UV and IR transmission with 
optical transmission range is 185 ~ 3500 nm153. However, despite the superior 
optical properties, it is difficult to obtain clear scanned-electron microscope 
(SEM) images; especially cross-section image of the quartz substrates, due to 
quartz is non-conduction substrates. Thus, silicon substrates are used as a 
reference substrate because it is semi-conducting substrates that can support 
well for SEM imaging; and it has a preferred crystal orientation that can help 
the cross-section breakage. The pattern is fabricated on silicon substrates 
simultaneously as references for SEM imaging to optimize the fabrication 
parameters during the fabrication. Silicon is not chosen as the substrate for 
plasmonic research because it is non-transparent and unsuitable to characterize 
the optical transmission property. Meanwhile, compared to rigid substrates 
flexible, stretchable plastic or elastomeric substrates exhibit great advantages 
of flexibility, lightweight, low cost, conformable manipulation154-156. On the 
other hand, the recent development of transformation optics offers an 
alternative approach in topological design and manipulation light, which 
promises flexible functional optics as a mean to control optical waves, thus 
leading to the integration of functional flexible photonic devices157-158. 
Therefore, PEN is used as substrates to demonstrate the fabrication capability 
of LIL technique for the generation of patterns on a flexible substrate. 




Before proceeding further steps, all substrates (quartz, silicon, PEN) 
are cleaned thoroughly by solvents which consists three steps. The substrates 
are firstly cleaned with acetone, followed by isopropyl alcohol (IPA), and 
finally by deionized (DI) water. For each cleaning step, the substrates are 
immersed in a beaker of solvent and put in the ultrasonic tub for 30 minutes. 
After finishing the cleaning, the substrates are dried completely before the 
photoresist coating. 
The substrates are prebaked by a hot plate at 150 ºC for 3 minutes to 
enhance the adhesion between the photoresist and substrate. Ma-N1407 
negative photoresist is then spin-coated onto the substrates at 4000 rpm for 40 
seconds to obtain a thickness of 700 nm. Subsequently, the prebaking is 
carried out at 105oC for 90 seconds. This prebaking dries the photoresist film 
and fix the undercut rate of the photoresist development. 
3.3.1.2  LIL exposure and development 
This step defines the pattern on the photoresist layer by controlling the 
interference angle (θ), the relative angle to the first exposure (α), the exposure 
and development time. The interference angle decides the period of the pattern 
meanwhile the relative angle between the different exposures decides the 
shape of the nanostructures; the exposure and development time help to fine 
control the size of the patterns.  
After a single exposure, a second and/or third exposure is carried out to 
achieve the designed patterns. The relative angle between exposures can be in 
the range from 0o to 90o. The exposure time needs to be long enough to expose 
completely to get the patterns on the photoresist layer. It mainly depends on 
the laser dose (mJ/cm2) and development time. Development of photoresist 




ma-N1407 is done by immersing the sample into the ma-D 533 developer 
immediately after the exposure. 
3.3.1.3  Metallic film coating 
In this step, the metallic material and its thickness are controlled to 
achieve the designed structures. Before metallic film depositions, a post-
developed baking is recommended. The post-baking helps to evaporate the 
excess solvent in the photoresist pattern so that there is less out-gassing during 
the deposition. However, the baking should not be too long or at too high 
temperature, otherwise the resist reflows slightly and the undercut might be 
affected. In this experiment, the sample is baked at 90 ºC for 5 minutes to dry 
out the solvent that remains in the photoresist pattern before metallic film 
depositions take place. Metallic film deposition is carried out using an 
electron-beam evaporator. The e-beam evaporator is chosen due to the vertical 
coating characteristic of this technique so that the side wall of the holes is less 
deposited. It makes the removing of residual photoresist possible. Cr or Ti thin 
film is deposited to increase the adhesion between substrates and the metallic 
layers. For all patterns, 2 nm of Cr is deposited onto the substrate, followed by 




Figure 3.5 Illustrations of metallic layer deposition for (a) single Au layer 
and (b) bimetallic Ag/Au layer nanodisk array. 




3.3.1.4  Removing residual photoresist 
In this step, the residual photoresist and the metallic film on top of the 
photoresist layer are removed to leave the designed patterns on the substrates. 
The ma-R 404 (S) remover is used to lift off the residual photoresist, leaving 
only the metallic layer deposited directly onto the substrates. The time for 
removing residual photoresist is hard to be defined; it ranges from 30 seconds 
to a few minutes, depending on the undercut profile obtained at previous steps. 
In general, a more prominent undercut profile would result in a shorter lift-off 
time. The sample is then rinsed with DI water to clean the residual of remover 
solution. Figure 3.5 illustrates the metallic layers left in single metallic layer 
and bimetallic layer depositions. 
3.3.2 Etching fabrication process 
In comparison with the lift-off process, the plasmonic nanostructure 
fabrication by LIL with etching process takes one additional step. The 
procedure of this process is shown in Fig. 3.6.  
3.3.2.1 Metallic film coating  
Different from the lift-off process, the metallic coating step is firstly 
carried out after the substrates cleaning process. To get better adhesion of 
metal layer to the substrates, a prebaking 150ºC for 3 minutes is carried out. 
The same coating order as lift-off process, the adhesion metallic layer is 
coated firstly followed by the main metallic layers. The most important in this 
step is the coating rate which affect to the uniformity of the metallic film. The 
uniformity of the metallic films defines the uniformity of the photorist layer in 
the next step; hence, it contributes to the quality of the LIL exposure.  







Figure 3.6 Illustration of etching process fabrication. 




3.3.2.2  Photoresist coating 
After metallic film coating, the metal-coated substrates are spin-coated 
with a positive photoresist S1805 at 5000rpm in 40 seconds to obtain the 
thickness of 500nm. Prebaking is then carried out at 110oC for 1 minute to 
evaporate the solvent in the coated photoresist layer.  
3.3.2.3 LIL exposure and development 
In this step, the exposure is the same as the exposure carried out in lift-
off process.  After the exposure, the photoresist becomes soluble so that 
exposed areas are removed after development by MF-319 developer. The 
pillar pattern on the photoresist is obtained. 
3.3.2.4  Etching 
After developing, the photoresist pillars play a role of masks to protect 
the metallic area which is right underneath the pillars. The pillar pattern is 
transferred to the underneath metallic film by wet etching or dry etching. Wet 
chemical etching is a simple method to transfer the pattern from photoresist 
layer to the underneath metal layer. It is selective but it is an uncontrollable 
and isotropic process and can easily undercut the photoresist. Meanwhile, dry 
etching is carried out by ion milling which makes use of gas plasma in a high 
vacuum chamber to bombard the material surfaces.  It is a controllable and 
vertical process but it is not selective. The gas ions bombard all materials once 
hitting the surface. The etching rate of photoresist is faster than that of metals 
so that the photoresist pillar is needed to be thick enough to protect the 
underneath metallic area until the exposed metallic area milled away. Another 
problem of this dry etching, the photoresist is hardened after the etching due to 




the heat generated during the bombard of gas ions. It causes a longer time to 
remove of the residual photoresist.  
3.3.2.5  Removing residual photoresist 
The residual photoresist on top of metallic pattern is removed. PG 
removers is used to wash away the residual photoresist, leaving only the 
metallic pattern. The lift-off ranges from 1 minute to a few of ten minutes. 
3.3.3 Geometrical tuning of plasmonic nanostructures  
The geometry (period, shape, size) of the fabricated 2D plasmonic 
nanostructures can be tuned by manipulating experimental parameters, 
including the half angle between the incident beam (θ), the relative orientation 
(α) between the exposures. Meanwhile the spacing and the size of the pattern 
can be tuned via θ angle; the shape of the pattern can be tailored via α angle as 
illustrated by the drawing in Fig. 3.7. The rotatable stage allows tuning θ angle 
by a step of one degree (see section 3.2). The larger θ angle gives rise to a 
smaller period of the interference standing wave which is recorded into the 
photoresist layer (Fig. 3.7 (a)). By performing one, two or three exposure 
times, different shapes of the pattern can be obtained on the photoresist layer 
which later acts as masks for metallic layer coating. The relative angles 
between exposure times can be tuned from 0o to 90o to achieve different 
patterns: lines (Fig. 3.7 (b)), oval or rod-like holes (Fig. 3.7 (c-i)), circle holes 
(Fig. 3.7 (c-ii)), and multi-size circle holes (Fig. 3.7 (c-iii)). 






Figure 3.7 Schematic illustrations of geometrical tuning nanostructures by 
LIL with negative photoresist. (a) Size tuning by controlling interference 
angle θ. (b) and (c) Shape tuning by controlling relative angles between 
exposure times, (b) single exposure with different orientations, (c-i, ii) 
double exposure with the relative angle between the second and the first 
exposure is of (i) α = 20o and (ii) α = 90o, (c-iii) triple exposure with the 
relative angle between the second and the first exposure is of α1 = 90o and 
that between the third and the first exposure is of α2 = 10o. 







Figure 3.8 Patterns on photoresist layer after LIL at (a) single exposure at θ 
= 15o, (b) double exposure, θ = 15o, α = 20o, (c) double exposure, θ = 8o, α = 
90o, (d) double exposure, θ = 18o, α = 90o, (e) triple exposure, θ = 8o, α1 = 
90o and α2 = 10o, and (f) double exposure, θ = 18o, α = 90o  with cross-
section and 45o tilted view. 




Figure 3.8 shows SEM images which illustrate the experimental 
geometrical tuning results for the patterns on negative photoresist layers after 
single, double or triple exposure. The pattern after a single exposure is 
periodic lines (Fig.3.8 (a)). After adding a second exposure with the relative 
angle to the first one, α1 = 20o (Fig.3.8 (b)), it gives rise to an oval hole array. 
If the second exposure has the relative angle α1 = 90o, the patterns turn to a 
circle hole array (Fig.3.8 (c-d)). Similarly, after adding the third exposure with 
the orientation with the first exposure, α2 = 10o while α1 = 90o, the pattern 
becomes multi-size circle hole array (Fig. 3.8 (e)). The sizes of these patterns 
depend on the setting θ angle. Figures 3.8 (c) and (d) are circle hole arrays that 
are done at θ = 8 and 18, respectively. As can be seen, the higher θ angle gives 
rise to the smaller size holes. Figure 3.8 (f) shows the cross-section and 45o 
tilted SEM images of patterns showed in Fig. 3.8 (d). As can be seen, the 
photoresist profiles as described in Fig.3.2, the photoresist height at the 
maximum peak is approximately 700 nm, and the undercut of the holes which 
helps to lift off easily in the next steps. Difference from negative photoresist, 
the pattern on positive photoresist is pillar arrays. The difference in the shape 
of photoresist pillars can also be achieved by manipulating the interference 
angles as those in negative photoresist. Figure 3.9 illustrates pillar patterns on 
positive photeresist which is done at θ = 10o and α1 = 90o.  




The pattern on photoresist layers is transferred to metallic layer by 
metallic coating (negative photoresist) or etching (positive photoresist). Figure 
3.10 shows the metallic pattern after removing the residual photoresist. As can 
be seen, the shape and size of metallic pattern left on the substrate are exactly 
the same as those of the holes on photoresist pattern. In addition, not only the 
shape of the pattern can be tuned, the symmetry of the array can also be 
tailored.  Meanwhile the nanodisk array has square symmetry; the nanooval 
array has body-centered rectangular symmetry (Fig. 3.10 (a-c)). This 
symmetry characteristic is important when the plasmonic interactions of 
neighboring particles in the arrays are considered. Moreover, by the same lift-
off process, 2D array of metallic nanodisks can be generated on flexible 
substrates. Figures 3.10 (e-f) shows the pictures in a large scale of nanodisk 
array on quartz, silicon and PEN substrates. 
 
Figure 3.9 Photoresist pillar patterns on the top of metallic layer (a) low 
and (b) high magnifications. 








Figure 3.10 Metallic patterns after lifting off the residual photoresist (a) 
double exposure, θ = 8o, α1 = 90o, (b) double exposure, θ = 18o, α1 = 90o, 
(c) double exposure, θ = 15o, α1 = 90o, (d) triple exposure, θ = 8o, α1 = 90o 
and α2 = 10o, and large scale of metallic patterns on (e) quartz and Si 
substrates, (f) PEN substrate. 





Figure 3.11 displays the SEM images of nanostructures fabricated by 
wet-etching. Obviously, by using the etching process, various geometries of 
patterns can be achieved. However, wet-etching is isotropy, less controllable 
and it causes rough edges in comparison with dry etching or lift-off process. 




Figure 3.11 SEM images of metallic patterns fabricated by wet-etching. 




3.3.4 Optical properties of 2D plasmonic one-size-nanodisk 
array 
LSPRs are highly sensitive to the size, shape, and material of the 
metallic particles. By LIL technique, those factors can be tuned flexibly. As a 
result, the LSPR of the fabricated nanostructures can be tailored over a wide 
spectrum from ultraviolet to near-infrared wavelengths. As mentioned in 
previous section, 2D nanodisk array can be created with lift-off process. By 
manipulating θ and coating materials while keeping the second exposure 
orientation at the angle α1 = 90o, the LSPR of nanodisk array can be designed 
for appropriate applications. 
Figure 3.12 shows the SEM images of the nanodisk arrays at different 
θ angles of 18o, 16o, and 12o with the periods of 520 nm, 600 nm, and 780 nm, 
respectively; and their corresponding extinction spectra that indicate the LSPR 
peaks of each nanodisk array with the same coating materials (Ag and Au) and 
thickness (20nm of Ag and 10nm of Au). As can be seen, the extinction 
spectra of the arrays show one LSPR peak correspond to dipolar resonance 
mode of electron oscillation inside the nanodisk of each array. By tuning the 
period of the array, the size of the disk is changed simultaneously (Fig. 3.12 
(a-c)), the oscillation frequency of free electrons inside the nanodisk changes 
accordingly. It results in the change of LSPR peak. The larger size gives rise 
to the red shift of the LSPR peak (Fig 3.12 (d)). Meanwhile, Fig. 3.12 (e) 
shows the extinction spectra of Ag and Au nanodisk arrays at the same 




thickness of 30 nm. They are made at the same θ angle of 18o. Obviously, the 
plasmon resonance peak of Ag is blue-shifted in comparison with that of Au. 
It proves the affect of materials to LSPR peak. Different materials have 
different dielectric functions that result in the different polarizability strength 
and the different plasmonic damping during the interactions with the incident 
light. These plasmonic characteristic of nanodisk array are used to study 
further for sensing applications in next chapters. 
 Furthermore, the optical properties of plasmon resonance peaks can be 
tuned by rolling up the flexible substrates. Figure 3.13 demonstrates the 
optical properties of Ag nanodisk arrays with the thickness of 30 nm 
fabricated at θ = 16o and 12o. After rolling, the plasmon peak becomes broaden 
and red-shifted as shown in Fig 3.13 (d-f) with the rolling cylinder diameter of 
3 mm. The broadening and red-shift are attributed to the deformation of the 
nanodisks at the rolling state. It is worth studying further about this interesting 
phenomenon. It is useful for application in plasmonic flexible solar cell159. In 
addition, plasmonic structures on flexible substrates recently have been 
reported in many application as fluidic sensors160-164, chemical and biological 
sensing165, integrated organic opto-electric devices166. 
  








Figure 3.12 SEM images of Ag/Au nanodisk array at (a) θ = 18o, (b) θ = 16o, (c) 
θ = 12o; and extinction spectra of  (d) corresponding Ag/Au nanodisk arrays 
and (e) Au and Ag nanodisk arrays at  θ = 18o. 






Figure 3.13 (a-b) SEM images, (c) large scale picture illustrates flat and 
rolling states of characterized samples, and (d-e) extinction spectra of Ag 
nanodisk array on PEN substrates at  θ = 16o and 12o obtained with direct 
un-polarized light. 






Figure 3.14 SEM images of multi-size disk arrays at (a-c) θ = 8o, α1 = 90o, 
and (a) α2 = 10o, (b) α2 = 30o, (c) α2 = 45o; and (d-f) θ = 10o, α1 = 90o, and (d) 
α2 = 10o, (e) α2 = 30o, (f) α2 = 45o. 




3.3.5 Optical properties of 2D plasmonic multi-size-nanodisk 
array 
Figure 3.14 shows multi-size disk arrays are done at θ = 8o and θ = 10o, 
with the same orientation of second exposure at α1 = 90o and the third 
exposure orientation at α2 = 10o, α2 = 30o, and α2 = 45o respectively. As can be 
seen, the disks align in lines whose length can be tuned by increasing the 
orientation of the third exposure from 10o to 45o. The smaller size is obtained 
at a larger θ angle. Interestingly, the size of the disk varies from 150 nm to 
1000 nm in the alighning line on the whole substrate. Note that these patterns 
can be achieved in only one photolithography step. This advantage of LIL 
makes it unique among plasmonic structure fabrication techniques.  
 The multi-size-nanodisks exist on the whole substrate lead to a mixed 
plamon peaks in extinction spectra as shown in Fig. 3.15. The spectra show 
three plamon peaks ranging from visible to near infrared wavelength 
correspond to the size of nanodisk in the array. At a larger θ angle (θ = 10o), 
the corresponding peak is blue shifted and one peak disappears and joins with 
the neighboring peak to make it broaden. It is probably due to the shrinking of 
the disk size and the difference in dimension of disks is smaller. The optical 
properties of these structures could be useful for solar cell applications due to 
the increasing of light scattering in a large range of wavelength, especially in 
near infrared wavelength range167-168. In principle, the second and the third 
exposure orientations can be from 0o to 90o to achieve more varied size of the 
disks. It is useful for manipulating plasmonic peaks over a wide spectrum. It 
could be more interesting if fabricating these structures on flexible substrates 
for taking advantages of both flexible substrates and unique optical properties 
of these structures for plasmonic solar cell applications. 






Figure 3.15 Extinction spectra of multi-size disk arrays at θ = 8o, θ = 10o, α1 
= 90o and at (a) α2 = 10o, (b) α2 = 30o, (c) α2 = 45o. 




3.4 Summary  
A simple and versatile technique to fabricate plasmonic nanostructures 
by using laser interference lithography has been developed. This opens up a 
new route for producing aligned two-dimensional plasmonic nanostructure 
arrays that:  
(i) are perfectly periodic over very large areas (1cm2 or more),  
(ii) have cross-sectional shapes that can be varied,  
(iii) have materials can be tailored, 
(iv) have array symmetries that can be manipulated,  
(vi) have readily and independently controlled sizes and spacings, 
(vii) have multi-size patterns made on the whole substrate by one maskless 























Collective grating-induced radiation 
in a large area of metallic periodic 
nanoantenna arrays via localized 
surface plasmon resonance 
  




4.1 Introduction  
Metallic nanoparticles have interesting optical properties, which are 
governed by the excitation of localized surface plasmon resonances – 
LSPRs16. By the interplay between the material properties of the nanoparticles 
and their geometrical design, it is workable to make nanoantennas resonant in 
the visible or near infrared spectrum169-173. Recent advancements in 
nanofabrication allow studying optical behaviors of periodically arranged 
nanostructures26. In such structures, the LSPRs can be additionally influenced 
by electromagnetic interparticle interactions which consist of near-field and 
far-field interactions96.  While the near-field interaction exists in nearly 
touching particles due to the short range of the electromagnetic near fields37, 39, 
the far-field interaction arises as a result of scattered light fields by 
nanostructures174. When the particle distance exceeds those allowing near-
field interactions, periodically arranged nanoparticles interact via dipolar 
fields to form Grating-Induced Radiation (GIR)175. When GIR occurs in the 
same spectral range as the LSPR, the electrodynamic interaction between 
LSPRs of nanoparticles and photonic modes of GIRs leads to the reduction of 
plasmon damping associated to individual nanoparticles and the appearance of 
narrow extinction resonances. Because of far-field collective behaviors, the 
interaction can happen in a long range, keeping in mind that the larger array, 
the narrower the peak176. This phenomenon has been studied theoretically and 
experimentally174-183. The better experimental control over the intensity and 
spectral position of this narrow peak in the grating nanostructures can lead to a 
strong enhancement of surface-enhanced effects, which is applicable to LSPR-
based bio-chemical sensors184-185 as well as to control the spontaneous 




emission for lighting devices and photovoltaics. But the limitation of all yet 
fabricated arrays of grating is the small area of fabricated structures. It is due 
to the use of the electron-beam lithography or focused-ion beam milling 
fabrication methods. That is one of the technical challenges limiting these 
structures to be used as the applicable devices for bio-chemical sensing. 
In this chapter, arrays consisting of hundreds of millions of well-
ordered gold nanoantenna are designed and fabricated over an area of 1cm × 
1cm by laser interference lithography (LIL). The advantage of the huge 
number of the fabricated nanoantennas leads to a pronounced collective GIR 
resonances, which can be obtained without using the waveguide supporting 
layer178 or homogeneous refractive index environment186. Interestingly, by 
designing the symmetry of antenna array, we obtain two different GIR modes 
resulted from different diffractive orders of the nanoantenna array. It can be 
detected by conventional Macro UV-Visible spectrometer to collect more GIR 
from the large area of excited nanostructures. The GIR effects are studied by 
changing the grating of the nanoantenna array. In addition, collective effect of 
fabricated areas of the array on the GIR is examined in different measuring 
spot sizes. The sensing feasibility of the GIR modes is also demonstrated. We 
support our results with finite different time domain simulations. 
4.2 Experimental section 
4.2.1 Fabrication and characterization 
Gold nanoantenna arrays on quartz substrates were fabricated by using 
LIL technique combining with dry etching. 3 nm thick titanium film was 
firstly deposited as the adhesion layer followed by 50 nm gold film by an e-
beam evaporator (EB03 BOC Edwards) on the substrate. Subsequently, S1805 




photoresist was spin coated at a thickness of 500 nm. Samples were baked for 
90 seconds at 115°C. In the exposure step, the interference angle was tuned to 
achieve the designed parameters of the nanoantenna arrays. After exposure 
and development, the pattern on the photoresist was transferred down to the 
gold film by ion milling. To characterize the fabricated samples, a UV-1800 
UV-VIS spectrophotometer (Shimadzu, Japan) was used. A normal incident 
light was applied to excite plasmon of the nanostructures. SEM images were 
captured by NOVA NanoSEM 230 (FEI, USA).   
4.2.2 Finite difference time domain simulation method 
The simulated electric field intensity distributions were obtained by 3D 
finite difference time domain (FDTD) simulations in the wavelength range of 
300-2500 nm. Perfect matched layers (PML) were used around the structures. 
The dielectric functions used for the simulations were based on the 
experimental data of Johnson – Christy187 and Palik188.  
4.3 Results and discussion 
4.3.1 Collective grating-induced radiation in nanoantenna 
array  
Grating-induced radiation occurs in a periodic metallic nanoparticle 
array when the grating constant approaches the LSPRs of nanoparticles. When 
the wavelength of the scattered light by LSPRs approaches the interparticle 
distance (grating constant of the array), the diffraction coupling between 
LSPRs of the nanoparticles and photonic modes of the array occurs. The 
periodicity of the array imposes the geometrical restrictions on the directions 
in which GIRs can be radiated. In previous study of collective GIR from 
LSPRs of 2D array with square symmetry, the waveguide supporting layer178 




or homogeneous refractive index environment186 are needed. In these studies, 
the GIR modes appear at longer wavelength in comparison with LSPR modes. 
With body-centered rectangular symmetry of the antenna arrays (Fig. 4.1), two 
narrow GIR resonance modes associated with two diffractive orders of the 
array are excited at shorter wavelengths in comparison with LSPR modes. 
 
Figure 4.1 Illustrations of the body-centered rectangular symmetry of 
the nanoantenna array and the relationship of grating constants and 
grating vectors. 








Figure 4.2 (a) Simulated extinction spectra of isolated nanoantenna (red 
solid curve) and arrayed nanoantenna (black solid curve) with x-
polarized normal incidence light, the dash lines indicate Rayleigh 
anomalies of diffractive orders; (b) FDTD simulated local 
electromagnetic field distribution at individual resonance mode in the 
spectra in linear scale. 




The so-called Rayleigh anomalies, or the condition at which a 
diffracted order becomes grazing to the grating surface at normal incident 
light, are given by Eq. 4.1174: 









where ݇௠,௡ is the scattered wave numbers associated to the parallel 
component of the wave vector to the plane of the array, (m,n) are integers 
defining the diffraction order, and ܽଵ, ܽଶ are the grating vectors of the array. In 
a body-centered rectangular symmetry array, ܽଵ	 and ܽଶ could be described by 
ܦ௫ and ܦ௬ as showed in Fig. 4.1.  
Figure 4.2 (a) shows the simulated extinction (1-Transmission) spectra 
and field distribution at the resonance peaks of the nanoantenna arrays on 
quartz substrates (showed in Fig 4.1) with x-polarized normal incidence light 
in the ambient air. The simulation is performed with W = 300 nm, length L = 
1500 nm, and grating constant ܦ௫ = 650 nm and ܦ௬ = 2000 nm. A single 
nanoantenna with the same dimensions is also simulated as reference.  As can 
be seen, the broaden peak of the isolated nanoantenna spectrum is replaced by 
the two sharp peaks and one broaden peak spectrum when they are arranged in 
the array. At ܦ௫ = 650 nm and ܦ௬ = 2000 nm, the Rayleigh anomalies 
displayed in Fig. 4.2 (a) were calculated by taking (m,n) = (2,0), (m,n) = (2,2) 
and a refractive index n = 1.25, which corresponds to the average between the 
quartz substrate ( n = 1.5) and air (n = 1) indices. The Rayleigh anomaly is 
apparent in the measurements by a relative minimum in the extinction. Note 
that the GIR mode has a lower energy than the Rayleigh anomaly. 




The sharp peaks at λ = 941 nm and λ = 645 nm are GIR peaks. They 
grows from the interaction between LSPRs of individual nanoantenna and the 
(m,n) = (2,0) and (m,n) = (2,2)  diffractive orders, respectively. The dipolar 
LSPR peak does not appear clearly in the spectra at around λ = 1410 nm due 
to the appearance of the much stronger GIR peak at λ = 941 nm.  
Figure 4.2 (b) displays the field distribution of an isolated nanoantenna 
and nanoantenna array at λ = 1410 nm, λ = 941 nm, and λ = 645 nm. The 
intensity of the local field is more intense for the antenna array. Moreover, the 
field distribution suggests that the GIR modes at λ = 941 nm and λ = 645 nm 
grow from different LSPR modes. In addition, the field of GIR peak at λ = 941 
nm exhibits a three-lobed distribution which is the same as the field profile of 
the isolated nanoantenna. However, the field of GIR peak at λ = 645 nm 
exhibits a three-lobed distribution, which is different from that of the isolated 
nanoantenna at the same wavelength. This modification in the field 
distribution is the result of electrodynamic retardation between the LSPRs and 
the field diffracted in the plane of the array. As a result of this retardation, the 
coupling of the LSPRs to radiation in certain directions becomes dominant. 







Figure 4.3 SEM images at (a) a high magnification of gold nanoantenna 
array fabricated by laser interference lithography with D୶ = 650 nm, D୷ = 
2000 nm, W = 300 nm, L = 1500 nm, (b-c) low magnifications of the 
fabricated nanoantenna array. 




To observe these GIR modes in experiments, antenna arrays with 
dimension as the simulated ones are fabricated and characterized. Figure 4.3 
displays SEM images which illustrate the configuration of fabricated gold 
nanoantenna arrays. Figure 4.3 (b-c) shows the well-controlled uniform 
arrangement of the nanoantennas over a large area. The nanoantennas have 
slight unsmooth edges resulting from the ion-milling process. However, it 
does not affect on the characterization results due to < 5% deviation of the 
size174. 
Figure 4.4 displays the extinction spectra of the nanoantenna array 
under the same measure condition as that of the simulation.  As can be seen, 
there is a good qualitative agreement between the experimental and simulated 
 
 
Figure 4.4 Simulated (red curve) and experimental (black curve) 
extinction spectra of nanoantenna array with D୶ = 650 nm, D୷ = 2000 
nm, W = 300 nm, L = 1500 nm. 




spectra. There are two peaks in the calculated spectrum being at λ = 645 nm, 
and λ = 941 nm which corresponding to λ = 733 nm, and λ = 1016 nm in 
experimental spectrum. The peak at λ = 733 nm in the experimental spectrum 
is more obvious than that in simulated result. Moreover, the obtained GIR 
peak at λ = 733 nm in experimental spectrum is quite sharp. It is maybe 
attributed to the collective effects from a large characterized area of the array. 
In order to explore the role of the fabricated area on collective effect of 
GIR, the extinction spectra are measured with different spot sizes of the 
measuring light beam. The results are showed in Fig. 4.5. As can be seen, the 
intensity of the peak at λ = 1016 nm does not change. However, the intensity 
of the peak at λ = 733 nm becomes lower as the spot size is smaller. It 
suggests that the collecting characteristic of the GIR peak at λ = 733 nm is 
 
Figure 4.5 Extinction spectra of the nanoantenna array with ܦ௫  = 650 
nm,	ܦ௬ = 2000 nm, W = 300 nm, L = 1500 nm at different measured 
spot sizes. 




more efficient than that of the GIR peak at λ = 1016 nm. As shown below, it 
leads to a larger wavelength shift of the peak. 
To further study the GIR modes toward to sensing applications, a 
refractive index sensing experiment is carried out. The nanoantenna array is 
covered by liquid isopropanol (n = 1.3772) and measured the transmission 
spectra under x-polarized normal incidence light. The extinction spectra are 
plotted in Fig. 4.6 (a). Interestingly, the shift of the GIR peak at λ = 733 nm 
(∆ߣ = 194 nm, equivalent to 520nm/RIU) is much larger than that of the GIR 
peak λ = 1016 nm (∆ߣ = 12 nm). The FDTD simulation results also give the 
same trend of the wavelength peak shift in liquid isopropanol: ∆ߣ = 296 nm 
and ∆ߣ = 81 nm which is associated to λ = 645 nm and λ = 941 nm peaks, 
respectively (Fig 4.6 (b)). According to theory174, 178, the GIR mode strongly 
 
Figure 4.6 Extinction spectra of nanoantenna array with ܦ௫  = 650 
nm,	ܦ௬ = 2000 nm, W = 300 nm, L = 1500 nm in ambient air and 
isopropanol with refractive index of n = 1 and n = 1.377, respectively. 
Left panel is experimental results. Right panel is simulated results. 




depends on the refractive index of superstratum layers. Different superstratum 
layers will lead to different the Rayleigh anomaly conditions; hence, the GIR 
peak is shifted. By this theory, GIR resonances are promising in sensing 
applications in which the change in the refractive index of sensing objectives 
causes the shift of GIR peak. 
4.3.2 Effects of dimension parameters on collective grating-
induced radiation in nanoantenna array 
In order to explore the role of GIR on extinction spectra when varying 
the dimension parameter of the array: the grating constant of the nanoantenna 
array. Two types of nanoantenna array are fabricated, characterized, and 
simulated with different	ܦ௫ grating constants: ܦ௫ଵ = 750 nm and ܦ௫ଶ = 850 
nm while W = 300 nm, and ܦ௬ = 2000 nm are the same for both of them.  
 
 
Figure 4.7 Grating constant effect on GIR modes, (a) Experimental 
and (b) simulated extinction spectra of nanoantenna at ܦ௬ = 2000 nm 
an different grating constants ܦ௫  with SEM images illustrating the 
grating constant ܦ௫. The scale bar is 300 nm. 




Figures 4.7 (a) and (b) show the experimental and calculated extinction 
spectra of these nanoantenna arrays with x-polarized normal incidence light, 
respectively. As can be seen, there is qualitative agreement between 
experimental and simulated results. According to the theories of Carron et 
al.174, depending on the grating constant of the nanoantenna array and the 
wavelength of the exciting light, there is a diffractive coupling between the 
LSPR of nanoantenna and the GIR whenever the scattering light wavelength 
by LSPRs approaches the grating constant. It leads to the appearance of two 
GIR modes in all cases. 
When the grating constant ܦ௫ increases from ܦ௫ = 650nm to 850nm, 
the peaks experience a pronounced red-shift (Fig. 4.7 (a)). As showed in Eq. 
4.1, once the grating constant ܦ௫ changes, it affects to Rayleigh anomaly 
 
Figure 4.8 Grating constant effect on GIR modes, FDTD simulated local 
electromagnetic field distribution of different GIR resonance peaks in 
nanoantenna arrays at different grating constant ܦ௫. The scale bar is 200 
nm. 




conditions. These Rayleigh anomalies, associated to diffractive order (m,n) = 
(2,2) and (m,n) = (2,0) are clearly red-shifted in the calculated spectra when 
ܦ௫ increases. 
Figure 4.8 shows the field distribution at different resonance peaks of 
nanoantenna arrays with different grating constants	D୶. As can be seen the 
field profile tends to change to different modes as D୶ increases. That is 
suggested by the broadening and red-shifting of the GIR peaks. In other 
words, to get a sharp and narrow GIR peak that is ideal for sensing 
applications, grating constant of the array should be optimized for one GIR 
resonance mode. 
4.4 Summary 
A large area 2D gold nanoantenna arrays was designed and fabricated. 
It is shown that it can exhibit a strong collective grating-induced radiation 
without a waveguide-assisted layer. The experimental and simulated results 
show that the strong collective grating-induced radiation modes occur in the 
50nm thick gold nanoantenna array with body-centered rectangular symmetry. 
It is attributed to the interaction between LSPRs of nanoantenna and 
diffractive orders of the array. The refractive index sensing experiment 
suggests GIR modes are promising for sensing applications with a high 
refractive index, up to ~ 500 nm/RIU. By changing the grating constant, the 
collective grating-induced radiation affects significantly the position, and 
intensity of GIR peaks. To get optimum GIR mode for sensing, the grating of 










2D Ag/Au bimetallic nanodisk 






5.1 Introduction  
In recent years, the DNA-based detection researches have been 
developing with the acceleration of genomics discoveries103. The ability to 
probe low concentrations of specific DNA sequences in disease diagnostics, 
mutation detections, as well as environmental detection of biological agents is 
extremely important189. The genetic detection at the molecular level opens up 
the possibility to perform reliable diagnostics before the symptom of a disease 
appears. The discovery of ultralow quantities of DNA that can lead to diseased 
states necessitates these biosensors operated with extreme sensitivity. 
Numerous traditional DNA detection methods, based on colorimetric3, 190-191 
and fluorescent192-193 detections have been reported. Most of these methods are 
solution-based so they do not allow real-time monitoring and multiplexed 
detections. To overcome these obstacles, DNA chip-based detections have 
been demonstrated9, 194-196. However, they suffer from several drawbacks in 
complex procedures, high cost, and lack of portability. This has driven the 
development of large-scale DNA chip-based detection arrays composed of 
highly miniaturized signal transducer elements that enable the real-time, 
parallel monitoring of multiple species as well as ease of use, low cost, and 
transportability. 
Biosensors make use of the plasmonic properties of noble metal film 
and nanostructures, that fulfill many requirements, as stated above, have used 
as an alternative choice in many biosensing applications13-14, 17-18, 73, 197. 
Particularly, sensors based on localized surface plasmon resonance (LSPR) 
have been widely studied due to the additional benefits of LSPR over the 




sensing is based on a simple optical extinction measurement, is temperature 
independent, and requires only common laboratory equipment16, 199. Moreover, 
LSPR sensors have highly localized sensing volume due to confined 
electromagnetic field on the surface of nanoparticles, which SPR sensors 
lack199. Moreover, the utilization of metal nanoparticles in LSPR sensors 
reduces the non-specific binding in comparison with metallic film in SPR 
sensors due to the smaller surface area13, 198. LSPR sensors have been used to 
detect many chemicals and biological processes, including gas detections200-
201, pH detections202 and biotin-streptavidin and anibody-antigen interactions7, 
60, 76, 79, 203-207, DNA hybridization5-6, 81-82, 208-209. Furthermore, advances in both 
chemical synthesis and nanofabrication allow tuning LSPR wavelength in a 
wide range from visible to infrared region of the electromagnetic spectrum, by 
varying the size, shape, and material of nanoparticles that support the surface 
plasmons24, 26, 37-39, 62, 210-215. This benefit makes additional flexibilities to 
design LSPR sensing experiments. 
Gold nanoparticles have been used as labels for optical biosensing3-4, 
100, 191, 216-217, to enhance signal for SPR and LSPR sensors up to four times19, 
218. In addition, gold nanoparticle-modified DNA is used to build nanoscale-
plasmonic architectures for tailoring optical response219-221. However, there are 
no systematic studies about the signal-enhanced mechanism for those systems 
yet. 
In this chapter, laser interference lithography (LIL) is applied to 
fabricate plasmonic Ag/Au bimetallic nanodisk array over a large area as an 
optical transducer for biosensors. Gold and silver is the most chosen noble 




silver has sharper resonances and higher refractive index sensitivity97. To 
obtain all these advantages, Ag/Au bimetallic layer is chosen instead of single 
layer. The thickness of each metallic layer is firstly optimized to get the 
optimum sensitivity for refractive index sensitivity and molecular sensitivity. 
Subsequently, gold nanoparticle-modified DNA is used to develop a technique 
to enhance the LSPR wavelength shift which is observed with DNA 
hybridization bioassays. This technique, which involves detecting surface-
bound analytes using DNA modified gold nanoparticle, provides a way to 
enhance LSPR shifts, resulting from near-field plasmon interaction between 
Ag/Au nanodisks and gold nanoparticles, for more sensitive detection of low-
concentration DNA. With the supporting of finite difference time domain 
(FDTD) simulation method, the plasmon-enhanced characteristics in this 2D 
Ag/Au nanodisk-gold nanoparticle system are systematically studied. 
Furthermore, benefiting from the high signal amplification of the system, 
single-stranded DNA detection is carried out. 
5.2 Experimental section 
5.2.1 Fabrication of Ag/Au bimetallic nanodisk array 
A large area of 2D Ag/Au nanodisk array was fabricated by laser 
interference lithography that described in the previous chapter in details. 
Briefly, negative photoresist ma-N1407 was spin-coated on cleaned 400 µm 
thick quartz substrates. Samples were baked for 90 seconds at 110°C.  In the 
exposure step, the interference angle was tuned to achieve the designed 
parameters of the arrays. After exposure and development, less than 2 nm 
chromium was firstly deposited as the adhesion layer followed by silver and 




The thickness of each layer was set to achieve the designed thickness. Then, 
the samples were lifted off the residual photoresist by ma-R 404 remover. The 
samples were cleaned thoroughly in isopropanol and DI water before DNA 
modification steps.  
5.2.2 Preparation of gold nanoparticles 
15nm diameter gold nanoparticles were prepared by the citrate 
reduction of HAuCl4222-223. The glassware is cleaned in aqua region (3 parts 
HCl, 1part HNO3), rinsed with ultrapure water, and then dried before using. 
An aqueous solution of HAuCl4 (1 mM, 50 mL) is brought to a reflux while 
stirring, the temperature range is from 90 to 110°C, and then 5 mL of a 38.8 
mM trisodium citrate solution is added quickly, which results in a color 
change of the solution from pale yellow to pale black. After another 10 
minutes stirring, the solution color shifts to deep red. After the appearance of 
red color, the solution is refluxed for an additional 30 minutes, allowed to cool 
down to room temperature, and then filled into tubes for further experiments. 
A transmission electron microscope (TEM) and a UV spectrophotometer are 
 
Figure 5.1 (a) TEM image of dispersed synthesized 15nm gold 
nanoparticles; (b) Extinction spectrum of corresponding gold 




used to determine the size and characteristic absorption bands of the resulting 
nanoparticle solutions. Results showed that the average diameter of these gold 
nanoparticles was ~15 nm and the characteristic surface plasmon band was 
520 nm (Fig. 5.1). Bigger gold nanoparticles could be prepared by the 
decrease of the adding volume of trisodium citrate solution. 
5.2.3 DNA modification of nanostructures 
5.2.3.1 DNA sequences 
Name Description Sequence 
Single-stranded DNA detection 
a Capture DNA 5’-[thiolC6]AAACGGGAGGCAGTG-3’ 
b Capture DNA 5’-ATAAATCACTCAAAA[thiolC3]-3’ 







Different DNA length strands 
a1 Capture DNA 5’-[thiolC6]CTAGAAGGACCTCTT-3’ 






















Different DNA conformation strands 
a2 Capture DNA  5’-[ThiolC6]TTTTTTTTTTTTTTTTTTTT-3’ 
b2 Capture DNA 5’-TTTTTTTTTTTTTTTTTTTT[ThiolC3]-5’ 




2L# Linear strand 
5’-A18TCGGATCCTATCGAACTGCATA 
AGCGCACTCGTAGGAATTA18-3’ 




1B# Bulge strand 5’-A15TCGGATCCTAAAACGTAGGAATTA16-3’ 
2B# Bulge strand 
5’-A15 TCGGATCCTAAAATCGAACTGCA 
TAAGCGCACTAAACGTAGGAATT A15-3’ 




1K# Linker strand 3’-AGCCTAGGATGCATCCTTAA-5’ 
2K# Linker strand 
3’-AGCCTAGGATAGCTTGACGTATTCG 
CGTGAGCATCCTTAA-5’ 




G-Q G-quadruplex 5’-A15TGGG(T2AG3)3A15-3’ 
 
5.2.3.2 DNA modification of gold nanoparticles 
 DNA modification of gold nanoparticles was prepared according to a 
literature method223. The 3’- and 5’- terminal disulfide groups of the single-
strand DNA were firstly cleaved by soaking them in a mixture of 1M 
dithiotheritol (DTT) and phosphate buffer solution (pH = 8.0) for 2 hours 
subsequently purified by a NAP-5 column (GE Healthcare). Then, the purified 
oligonucleotides were added to the gold nanoparticle solution. The result 
solution was brought to 300mM NaCl, 10mM NaH2PO4/Na2HPO4, pH = 7.0 
(10mM PB buffer, pH = 7.0). After 48 hours, the nanoparticle solution was 
centrifuged and re-dispersed in 300mM NaCl, 10mM PB buffer, pH = 7.0. The 






5.2.3.3 DNA modification of Ag/Au nanodisks  
Capture DNA modification procedure of Ag/Au nanodisks was similar 
to that of gold nanoparticles. The Ag/Au nanodisks were rinsed by deionized 
water and dried by nitrogen gas after fabrication. Subsequently, the Ag/Au 
nanodisks were exposed to the purified single-stranded DNA solution and 
allowed standing for 24 hours. Then, the substrates were rinsed by deionized 
water to wash away the non-binding DNA.  
5.2.3.4 DNA functionalization for studying plasmon-enhanced 
characteristics in 2D Ag/Au nanodisk – gold nanoparticles 
  Firstly, the attachment of capture DNA (a: 5’ HS-
AAACGGGAGGCAGTG-3’) to the nanodisk chips and the attachment of 
capture DNA (b: 5’-ATAAATCACTCAAAA-SH 3’) to gold nanoparticles 
were carried out. Secondly, DNA-attached chips were exposed to a solution 
containing 50 μl of DNA-modified gold nanoparticles and 50 μl of a specified 
concentration of target DNA (t: 3’-GCCCTCCGTCACTATTTAGTGAGT-
5’). In DNA hybridization experiment without DNA-modified gold 
nanoparticle enhancement, the nanodisk chips were exposed to a solution 
containing only target DNA. After standing for 2 hours at the room 
temperature, the chips were rinsed thoroughly with DNA buffer (300 mM 
NaCl, 10 mM NaH2PO4/Na2PO4, pH 7). Lastly, spectrum characterization was 
carried out. Experiments were repeated for at least three times. For other target 
DNA, the procedures are the same however the capture and the target DNA 
were replaced by appropriate DNA sequences for each case. 
5.2.3.5 DNA functionalization for G-quadruplex conformation sensing 
  Firstly, the nanodisk arrays were modified with capture DNA (a2) and 




modified gold nanoparticles were dispersed in the buffer which corresponds to 
the desired G-quadruplex topologies (K+ buffer:  10 mM Tris (pH 7.0), 100 
mM KCl; Na+ buffer: 10 mM Tris (pH = 7.0), 100 mM NaCl). Subsequently, 
10 μΜ of G-Q strands were incubated in either K+ buffer or Na+ buffer at 
90oC for 10 minutes and then cooled down gradually to room temperature. 
Then, the DNA-attached nanoarrays were then exposed to a solution contains 
50 μL of DNA-modified gold nanoparticles and 50 μL of 1 μΜ (final 
concentration) incubated G-Q strand solution. After standing for 3 hours at the 
room temperature, the nanodisk arrays were rinsed thoroughly with the buffer.  
Lastly, spectrum characterization was carried out. 
5.2.4 Characterization 
To characterize the fabricated samples, a UV-1800 UV-VIS 
spectrophotometer (Shimadzu, Japan) was used in transmission mode. SEM 
images were captured by NOVA NanoSEM 230 (FEI, USA). The substrates 
for SEM measurement were prepared on silicon substrates simultaneously as 
the samples on the quartz substrates. 
5.2.5 Finite difference time domain simulation method 
The simulated electric field intensity distributions were obtained by 3D 
finite difference time domain (FDTD) simulation method in the wavelength 
range of 300-2500 nm. Perfect matched layers (PML) were used around the 
structures. The dielectric functions used for the simulations were based on the 






5.3 Results and discussion 
 5.3.1 Material optimization of bimetallic Ag/Au nanodisk 
array 
Figure 5.2 shows SEM images at different magnifications of a typical 
bimetallic Ag/Au nanodisk array structure used in this study which have 
periodicity of 520 nm and nanodisk diameter of 330 nm. It can be seen the 
well-controlled uniform arrangements of the nanodisk structures over a large 
area. The thickness of each metal component is varied 5 nm step while the 
total thickness is kept constant at 30 nm. There are three sample types: 
10Ag20Au, 15Ag15Au, and 20Ag10Au. The number indicates the thickness 
of each layer in nm. 30Au and 30Ag samples are fabricated for references. 
Figure 5.3 shows extinction spectra of five nanodisk array sample 
types. The LSPR peak in ambient air is blue-shifted and the LSPR peak width 
becomes narrower when the thickness of Ag layer increases. This result is 
explained by the linear relationship between LSPR peaks and fraction of gold 
in silver-gold alloys224-225; and the contribution of lower plasmon damping of 
silver material. The extinction values are significantly higher than other 
studies7, 226. It is attributed to a large area of nanodisk structures because the 
intensity of LSPR peak is resulted from in-phase electron oscillations inside 







Figure 5.2 SEM images of a nanodisk array fabricated by laser 





In order to evaluate the response of the nanodisk arrays to the changes 
in their local environments and their potential uses for sensing applications, 
the extinction spectra of the nanodisk arrays were observed in several external 
environments, including dry air (refractive index n = 1) (the characterization 
points are not showed in the plot), water (n = 1.3330), isopropanol (n = 
1.3772), and cyclohexane (n = 1.4262). Figure 5.4 plots the LSPR peak shifts 
(∆ߣ௠௔௫) for each nanodisk structure as a function of surrounding medium 
refractive index. Within this range of refractive index, the data points for each 
structure can be reasonably well fitted with the value of the square of the 
correlation coefficient, ܴଶ ≈ 0.99. The slope of each fitting line describes the 
 
Figure 5.3 Extinction spectra of fabricated nanodisk array with different 




refractive index sensitivity of each nanodisk structure. The refractive index is 
higher than that of other single gold layer nanodisk structures being reported 
with a high sensitivity60. Obviously, the thicker Ag layer structures give the 
better refractive index sensitivity. Herein, the sensitivity as high as 328 
nm/RIU is obtained for the 20Ag10Au nanodisk arrays. It is probably 
attributed to the effect of the underneath Ag layer. Theoretically, the longer 
electromagnetic field decay length, which is exponential proportional to the 
sensitivity of LSPR, can be realized with silver than with gold due to lower 
plasmonic damping in silver materials13. As a result, the thicker silver layer 
gives rise to the larger shift of the LSPR peak. Further FDTD simulation 
results (Fig. 5.5) confirm that nanodisks with a thicker Ag layer have more 
intense local electromagnetic field in both the transverse and longitudinal 
cross sections. The experimental result shows that 30Ag nanodisk structures 
give higher sensitivity than 30Au structures however giving lower sensitivity 
than bimetallic structures. It suggests that the gold layer protects well the 
underneath silver layer from chemical degradations of silver during the 
experiment process (remover solution from lift-off fabrication step, 
contaminations from air, …). Due to the negative Gibbs energy, silver reacts 
with oxygen at room temperature. In addition, Ag also reacts strongly at room 
temperature with carbonyl sulfide (OCS) and hydrogen sulfide (H2S), which 
commonly present in the atmosphere, to form silver sulfide (Ag2S)227. There 
are many researchers reported the deleterious effect of chemical degradations 







Figure 5.4 Localized surface plasmon resonance peak shifts versus the 
refractive index of surrounding medium for each nanodisk structure. 
 
Figure 5.5 FDTD simulated local electromagnetic filed distribution of (a) 
20Ag10Au and (b) 10Ag20Au nanodisks with diameter of 330 nm  at xy 




5.3.2 Plasmonic enhancement by gold nanoparticle-conjugated 
DNA 
To study the plasmonic characteristics of these nanoarrays for 
plasmonic signal enhancement by using DNA-modified gold nanoparticles, a 
standard sandwich DNA hybridization bioassays is adopted (as shown in Fig. 
5.6 schematically). The DNA functionalization process is described in section 
5.2 in details. Note that two capture DNA strands that captured on nanodisks 
and 15nm gold nanoparticles are complementary to the corresponding target 
DNA strands. Without gold nanoparticle enhancement, the target DNA strands 
bind to the capture DNA on the nanodisks. Meanwhile, with gold nanoparticle 
enhancement, the target DNA strands play a role of linkers to bind the DNA 
modified gold nanoparticles to the DNA modified nanodisks. The number of 
binding gold nanoparticles onto the nanodisks depends on the concentration of 
this target DNA. The distance between gold nanoparticles and nanodisk 
depends on the conformation of target DNA strands.  
5.3.2.1 Signal enhancement in Ag/Au nanodisk - gold nanoparticle system 
 Figure 5.7 shows the extinction spectra of three nanodisk arrays after 
DNA modification and gold nanoparticle attachment with the LSPR peak shift 
(Δߣ௠௔௫) are denoted. As can be seen, the nanodisk array with a thicker Ag 
layer also results in a larger Δߣ௠௔௫ in both cases with gold nanoparticle and 
without gold nanoparticle enhancement. It suggests that the bulk refractive 
index sensitivity supports well the molecular sensitivity; the 20Ag10Au 
nanodisk array results in a better sensitivity. Remarkably, from the extinction 
spectra, the LSPR shift is greatly enhanced after coupling with gold 




(Fig. 5.7 (a)) at the same concentration of target DNA (100 nM). The 
enhancement of our platform using gold nanoparticles is higher than other 
reports utilizing the same enhancement method with single layer 
nanostructures19. Because the LSPR nanosensor operates by detecting 
refractive index changes within the localized electromagnetic fields 
surrounding the Ag/Au nanodisks, the enhanced shift of the LSPR peak upon 
the binding of DNA modified gold nanoparticles could be attributed to two 
main reasons: (1) the increase of the local refractive index, (2) the near-field 
plasmonic interactions between Ag/Au nanodisks and gold nanoparticles. 
To further investigate the near-field plasmonic interactions between 
Ag/Ag nanodisks and gold nanoparticles, FDTD simulation method is used to 
simulate the near-field interaction between one 20Ag10Au nanodisk and one 
15nm gold nanoparticle. The simulated distance between them equates the 
target DNA length (24 bases ~ 8.0 nm). FDTD simulation study confirms the 
strong plasmonic interaction between the gold nanoparticle and the nanodisk 
(Fig. 5.8). In addition, the observation of the SEM image of a nanodisk array 
after the attachment of DNA modified gold nanoparticles confirms the success 
of the gold nanoparticle attachment (Fig. 5.8 (b)). Moreover, obviously gold 
nanoparticles are attached not only on the top surface but also on the side wall 
of the nanodisks, where the plasmons of nanodisks are localized majorly due 
to the sharp tip effects. The multiplications of the plasmonic interactions from 
all the gold nanoparticles, that being surrounding the nanodisks, result in 
greatly strong plasmonic enhancement. The broadening of the LSPR peak and 
the increase of its intensity can be observed in the extinction spectrum of the 




plasmon couplings of gold nanoparticles and bimetallic nanodisks. In addition, 
the broadening of LSPR peaks of 10Ag20Au and 15Ag15Au nanodisk 
structures are less pronounced in comparison with that of 20Ag10Au nanodisk 
structures (Fig. 5.7). That observation suggests the contribution of the 
underneath Ag layer to the strong plasmon couplings of these plasmon-
enhanced systems. 
 
Figure 5.6 Schematic principled design of the plasmonic enhancement 
platform of Ag/Au nanodisk arrays by using gold nanoparticles. t – 






Figure  5.7  Extinction  spectra  after  DNA  modification  and  DNA  modified 
gold  nanoparticle  attachment  of  (a)  20Ag10Au,  (b)  15Ag15Au,  and  (c) 
10Ag20Au  nanodisk  arrays.  (d)  The  LSPR  shift  with  and  without  gold 







Figure 5.8 SEM images and FDTD simulated locale electromagnetic field 
of electromagnetic field of the 20Ag10Au nanodisks (a) before and (b) 




5.3.2.2 Distance-dependenjce of signal enhancement in Ag/Au nanodisk - 
gold nanoparticle system 
As well-known, the LSPR spectral shift (Δλmax) in response to the 
changes in the local environment is approximately described as13: 
Δߣ௠௔௫ = ݉(݊௔ௗ௦௢௥௕௔௧௘ − ݊௠௘ௗ௜௨௠) ൤1 − ݁ݔ݌ ൬
−2݀
݈ௗ ൰൨ 
where m is the sensitivity factor (in nm per refractive index unit (RIU)), 
nadsorbate and nmedium are the refractive indices (in RIU) of the adsorbate and 
medium surrounding the nanoparticle, respectively, d is the effective thickness 
of the adsorbate layer (in nm), and ld is the electromagnetic field decay length 
(in nm). 
It is important to study the distance-dependent plasmon characteristics 
of plasmon-enhanced Ag/Au nanodisk-gold nanoparticle system in order to 
get the optimum distance for signal enhancement. To control the distance 
between nanodisks and gold nanoparticles, a series of experiments is 
performed on 20Ag10Au nanodisk structures with different target DNA 
lengths (24 bases, 48 bases, 72 bases, and 96 bases). In the experiments, these 
DNA strands play a role of a distance controller between the nanodisk surface 











Figure 5.9 Extinction spectra of nanodisk arrays after DNA modification 
and gold nanoparticle attachment by (a) 24-base, (b) 48-base, (c) 72-base, 




Figure 5.9 shows the LSPR extinction spectra of the nanodisk array 
before and after DNA modification and attachment of gold nanoparticles by 
different length target DNA strands. The results are summarized in Fig. 5.10. 
As anticipated, the LSPR peak shift increases when the DNA length increases 
from 24 to 48 bases; however, it decreases when the length increases from 48 
to 96 bases (blue square in Fig. 5.10). The maximum	∆ߣ௠௔௫ is observed with 
48-base DNA. While in the absence of gold nanoparticle attachment, an 
increase of LSPR peak shift is observed initially as the DNA length increases; 
however, it seems to become constant when the DNA length is longer than 48 
bases (red circle in Fig.5.10). From the extinction spectra (Fig. 5.9), a 
significant increase in the width and intensity of the LSPR peak occurs to the 
48-base and 72-base DNA cases. It suggests the plasmonic interactions are 
 
Figure 5.10 LSPR peak shifts versus number of bases of DNA sequences 
(black squares) - with gold nanoparticle enhancement, (blue circles) 
without gold nanoparticle enhancement. (Red triangles) the simulated 
maximum local electromagnetic field intensity at the gap between 





stronger than those in 24-base and 96-base DNA cases. In addition, the further 
FDTD simulation results also reveal that the near-field plasmonic interaction 
between Ag/Au nanodisks and gold nanoparticles decays exponentially as the 
length of DNA increases (Fig. 5.11 and black triangle in Fig. 5.10). In short, 
physically, the LSPR peak shift increases initially due to the increase of 
refractive index by thicker DNA layer; while the DNA length becomes longer, 
the increase of the local refractive index by the thicker DNA layer is 
insufficient to compensate for the decrease in the electromagnetic field 




Figure 5.11 FDTD simulated local electromagnetic field distribution of a 
20Ag10Au nanodisk and a gold nanoparticle with the gap between them 
similar to the length of (a) 24-base (8 nm), (b) 48-base (16 nm), (c) 72-base 






Figure 5.12 (a) Schematic presentation of plasmonic enhancement of 
nanoarray by gold nanoparticles using linear and bulge DNAs, 
respectively, (b) and (c) The extinction spectra of the nanoarrays before 
and after DNA modified gold nanoparticle attachment by using linear and 
bulge DNA, respectively. (d) LSPR peak shifts by using one-bulge, two-




To further dissect the contributions from the plasmonic couplings 
between gold nanoparticles and nanodisks to distance-dependent plasmon 
characteristics of this system, two different conformations of DNA strands are 
used: 100 bases linear DNA strands (linear DNA) and 100 bases strands 
containing three bulge defects (bulge DNA). The same length of these DNA 
strands results in the same refractive index layer. However, the bending 
conformation of bulge DNA strands results in a shorter distance between gold 
nanoparticles and bimetallic nanodisks (Fig. 5.12 (a)). Therefore, stronger 
electromagnetic interactions are expected. Figure 5.12 (b, c) shows the 
extinction spectra of nanodisk arrays before and after gold nanoparticle 
attachment by bulge and linear DNA strands. In addition to a larger peak shift, 
the bulge DNA strands give rise to a pronounced intensity and broaden width 
of LSPR peak after gold nanoparticle attachment. These results confirm the 
main contribution of the near-field plasmonic interaction between Ag/Au 
nanodisks and gold nanoparticles. The similar results were also obtained in the 
case of DNAs containing one and two bulges. These results also suggest that 
the plasmon-enhanced Ag/Au nanodisk-gold nanoparticle system could be 
useful to differentiate lengths and conformation of DNA. Moreover, our 
system could be an alternative strategy to study conformation of biomolecules.  
We further extended our approach to differentiate the G-quadruplex 
topologies of DNA strands. Herein, a DNA strand which could form different 
G-quadruplex topologies in different buffers is used230. The formed G-
quadruplex topologies result in different distance between two ends of the 
DNA strand. That makes our approach workable to differentiate them. As 







Figure 5.13 Extinction spectra of 20Ag10Au nanodisk arrays after DNA 
modified gold nanoparticle attachment by G-quadruplex DNA in the 




 bring the gold nanoparticles closer to the Ag/Au nanodisk surfaces than that 
in K+ buffer. As a result, it induces a larger LSPR peak shift. In comparison 
with the conventional methodologies to determine G-quadruplex topologies 
(NMR, X-ray), our approach may be a useful, rapid, and dynamic method for 
defining an overall G-quadruplex topologies. As indicated by the results, the 
plasmon-enhanced Ag/Au nanodisk-gold nanoparticle system could be a 
powerful tool to differentiate the conformations of DNA. Promisingly, our 
system could be an alternative strategy to study the conformation of various 
biomolecules as well as to monitoring biological interactions. 
5.3.3 Single stranded target DNA detection 
To demonstrate the feasibility of our system for biosensing at 
molecular level, the 20Ag10Au nanodisk structures are applied for single 
stranded target DNA detection. The detection procedure is followed the 
procedure shown in Fig. 5.6 with the gold nanoparticle enhancement. The 
LSPR peak shifts of nanodisk arrays at various concentrations of 24-base 
target DNA from 1 fM to 1 μM are shown in Fig. 5.13. The data were obtained 
from three independent measurements on different samples and the error bars 
indicate the standard deviation. As expected, the lower concentration of target 
DNA allows the less attachment of gold nanoparticles onto the nanodisk, 






Figure 5.14 20Ag10Au nanodisk arrays for single stranded DNA detection, 
(a) LSPR peak shifts at various concentrations of target DNA, (b) 
Extinction LSPR spectra illustrate the LSPR peak shift  after DNA modified 






To verify that the LSPR biosensor response reported in this work is 
resulted from the specific binding of target DNA, three nonspecific 
experiments are performed. These nonspecific bindings examine the 
interaction of DNA modified Ag/Au nanodisk surfaces with: (1) non-
complementary target DNA, (2) DNA modified gold nanoparticles, and (3) 
DNA modified gold nanoparticles and the non-complementary target DNA. 
The results shown in Fig. 5.14 imply that the LSPR shift is caused mainly by 
the specific binding of DNA. It can be seen, the non-specific LSPR shift 
corresponding to DNA modified gold nanoparticles is dominant (the second 
and the third non-specific binding experiments).  It suggests that the non-
specific interactions of DNA modified gold nanoparticles with others 
components are likely dominant. It is necessary to include the enhancement 
effects of non-specific binding gold nanoparticles. Although the actual amount 
of non-specific DNA modified gold nanoparticles, they also contribute the 
enhancement effect to the LSPR shift once they are attached. It results in a 







Figure 5.15 LSPR extinction spectra of 20Ag10Au nanodisk structures 
illustrate non-specific bindings of DNA modified nanodisks interacting 
with (a) non-complementary target DNA, Δߣ௠௔௫ = 3	݊݉ (b) DNA 
modified gold nanoparticles, Δߣ௠௔௫ = 17 ݊݉ (c) non-complementary 




 To define the quantitative interpretation of the sensor response, 
Campbell et. al used the Langmuir adsorption isotherm to model SPR 
spectroscopy99, and which was later used as a quantitative interpretation of 
LSPR biosensor by Van Duyne et. al2. From the experimental data at various 
concentrations in Fig. 5.14, after eliminating the non-specific binding then 
fitting to the Langmuir adsorption equation2: 
∆R	=	∆ܴ௠௔௫
ܭ௔ × ܥ[ܦܰܣ]
1 +	ܭ௔ × ܥ[ܦܰܣ] 
Where ΔR is LSPR shift at a given concentration, ΔRmax is the maximum 
LSPR response at a high concentration, Ka is the surface-confined 
thermodynamic affinity constant, and C[DNA] is the concentration of target 
DNA. We found Ka ≈ 2.5 × 1011 M-1 and ΔRmax  ≈ 89 nm. The fitting curve is 
 
Figure 5.16 Quantitative response curve for DNA modified gold 





displayed in Fig. 5.15. Furthermore, the fitting equation allows estimating the 
limit of detection for LSPR nanodisk biosensor enhanced by gold 
nanoparticles. The limit of detection is determined from the spectrometer 
noise, as three times the smallest reliable wavelength shift measured2. The 
peak-to-peak wavelength shift noise of the baseline in the repetitive 
experiments is 1 nm approximately. After eliminating the non-specific binding 
and taking the limit of detection as three times of this value, the limit of 
detection is estimated conservatively of 100 fM. 
5.4 Summary 
In conclusion, we have adopted a simple, versatile nanofabrication 
mean - laser interference lithography to fabricate Ag/Au bimetallic nanodisk 
arrays over a large area. By changing the thickness of metallic layers, the 
results show that the 20Ag10Au nanodisk structure is the optimal structure for 
not only refractive index sensitivity but also molecular sensitivity. In addition, 
we have studied an enhancement method by using gold nanoparticle-
conjugated DNA with the support of finite difference time domain simulation 
method. To be attributed to the longer plasmon decay length, it shows that the 
thicker Ag layer structures also give the higher amplifications. The highest 
amplification as 650% was obtained for the 20Ag10Au nanodisk structures. 
We examined the main contribution of near-field plasmonic couplings 
between Au nanoparticles and Ag/Au nanodisks to the plasmonic 
enhancement on these nanostructures which helps the system achieved a limit 
of detection as low as 100fM (10 amol) of single stranded target DNA. Our 
system also showed feasibility in the study of biomolecular conformation. By 




contained DNA strands, our approach may prove useful for simple and high 
sensitivity in single nucleotide polymorphism detections and mutation 
identifications. Although the selectivity for fully non-complementary DNA 
strands was demonstrated, the single mismatched DNAs may be challenged 
for this approach due to the small difference in the binding energy between 
fully complementary strands and single mismatched strands231. The single 
mismatched DNAs detection can be worked with this approach by integrating 
with other specific biological agents like enzymes or ligands which are very 
selective for base-orders of DNA sequences3, 231. Moreover, the approach 
presented herein could also be extended to detect a broad range of other types 
of targets including proteins, aptamer-binding small molecules, and metal ions 
at ultra-low concentrations. Last but not least, we expect that by using shorter 
wavelength laser source for laser interference lithography, we can achieve 
smaller feature sizes of the nanostructures to obtain the lower detection limit. 
The smaller feature size gives rise to the stronger electromagnetic field of 
LSPR; hence, higher local sensitivity. In addition, the smaller feature size also 











2D nanodisk array for detection of 






Detection and tracking of biomolecules in disease diagnostics, 
mutation detections, as well as environmental detections of biological agents 
are invaluable189. The ability to probe ultralow concentrations of biomolecules 
opens up the possibility to perform reliable diagnostics even before the 
symptom of a disease appears1. 
Insulin and Adenosine are critical biological molecules in the human 
body. Insulin is a polypeptide hormone produced by the pancreas responsible 
for regulating the metabolism of carbohydrate and blood glucose levels232. The 
determination of the insulin level is the most critical indicator of 
diagnosis/classification of various types of diabetes and related diseases. The 
dramatic increase in the incidence of diabetes because of the modern lifestyles 
has been driven the development of insulin detection in order to diagnosis 
diabetes at its initial stages. Adenosine is an endogenous purine nucleoside, 
present in all cells, that modulates many physiological processes233-234. It plays 
a role in the regulation of physiological activities in various tissues and 
organs. The cellular signaling by adenosine occurs through four known 
adenosine receptor subtypes which regulate a variety of adenosine functions 
with a range of affinities from low nM to tens of μM.  
Owing to the increasing threat of the modern lifestyles to the health of 
human being, there has been a growing interest in the development of highly 
sensitive and selective detection systems for Insulin and Adenosine over the 
past few years. Various sensor systems for detection of Adenosine and Insulin, 
based upon radioimmunoassay235-237, fluorescence238-241, colorimetrics242, 




and surface plasmon resonance245-246, have been reported. Most of these 
systems, however, have either limitations with respect to sensitivity, 
selectivity, and simplicity or the need of electronic read-out circuits for 
substantial sensitivity. 
Aptamers are functional single-stranded oligonucleotides DNA or 
RNA generated by the process called systematic evolution of ligands by 
exponential enrichment247-248. They bind to their target molecules selectively 
and with high affinities to form secondary structures and shapes. Aptamers can 
be selected for a wide range of targets, including nucleic acids, proteins, small 
molecules, cells, tissues and organisms249-251. Especially, the binding affinities 
of proteins and their aptamers are comparable to those of corresponding 
antibodies252-257. As in the case of antibodies, labeling of the aptamer 
sometimes lead to the loss of activity resulting from the loss of ability to form 
the secondary structure that is required for binding. In addition, the synthesis, 
maintenance and delivery of aptamers are much easier, making aptamers 
promising molecular receptors for bioanalytical applications.  
Recently, researchers have reported that insulin is captured by an 
oligonucleotide containing two repetitions of the insulin-linked polymorphic 
region (ILPR) sequence12, 110. The ILPR is located at the human insulin gene 
promoter and can form an intramolecular G-quartet structure. To realize this 
design, Yoshida et al. selected DNA aptamers against insulin for insulin 
sensing. These works facilitate the research on insulin detections110. For 
Adenosine, the interactions between the aptamer and Adenosine involve the 
functional groups on both the nucleotide bases and the sugar of Adenosine. 




intercalated into the aptamer by forming noncanonical G-A base pairs 
resulting in a pocket-like site for binding adenosine targets105, 258.  
In this chapter, to take advantages of the plasmonic enhancement of 
Ag/Au nanodisk-gold nanoparticle system in Chapter 5, we continue to exploit 
the sensitivity offered by plasmonic 2D Ag/Au nanodisk arrays in the 
development of a localized-surface-plamon-resonance-based (LSPR-based) 
detection method for target molecules requiring molecular recognition using 
the Insulin, Adenosine, and their DNA binding aptamers. The coordination of 
LSPR and aptamers takes advantages of the high localized sensitivity of LSPR 
structures and the great selectivity of DNA binding aptamers. Therefore, 
beside advantages of LSPR sensors, this method is highly selective and 
sensitive, and also simpler than conventional methods. 
6.2 Experimental section 
6.2.1 Fabrication of Ag/Au nanodisk array and synthesis of 
gold nanoparticle  
In this chapter, 20Ag10Au (20 nm of Ag and 10 nm of Au) nanodisk 
array with a period of 550 nm and the nanodisk diameter of 350 nm are used 
as plasmonic transducers for Adenosine and Insulin sensing. The fabrication 
of these nanodisk arrays was described in previous chapters in detail. Figure 
6.1 shows SEM images of a fabricated typical nanodisk array. 
15nm diameter gold nanoparticles were prepared by the citrate 





6.2.2 DNA functionalization 
6.2.2.1 DNA sequences for Insulin experiments 
Description Name: sequences 
Capture DNA aI : 3’-ACCATCCCACAGAAGTTT SH - 5’ 








Figure 6.1 SEM images of a fabricated 20Ag10Au nanodisk array used as 




6.2.2.2 DNA sequences for Adenosine experiments 
Description Name: sequences 
Capture DNA aA : 5’HS-TTCCTCCGCAAT 
bA: 3’HSTGGACCTCCTCA 
DNA Aptamer AA: 5’ACCTGGAGGAGTATTGCGGAGGAAGGT3’ 
6.2.2.3 DNA modification of gold nanoparticles  
DNA modification of gold nanoparticles was prepared according to a 
literature method223. The 3’- or 5’- terminal disulfide groups of the single-
strand DNA were first cleaved by soaking them in a mixture of 0.1M 
dithiotheritol (DTT) and phosphate buffer solution (pH = 8.0) for 2 hours 
subsequently purified by a NAP-5 column (GE Healthcare). Then, the purified 
oligonucleotides were added into the gold nanoparticle solution. The result 
solution was brought to 300mM NaCl, 10mM NaH2PO4/Na2HPO4, pH = 7.0 
(10mM PB buffer, pH = 7.0). After 48 hours, the nanoparticle solution was 
centrifuged and re-dispersed in 300mM NaCl, 10mM PB buffer, pH = 7.0. 
 6.2.2.4 DNA modification of Ag/Au nanodisks  
Capture DNA modification of Ag/Au nanodisks was the same as the 
modification procedure of that for gold nanoparticles. The Ag/Au nanodisks 
were rinsed by deionized water and dried by nitrogen gas after the fabrication. 
Subsequently, the Ag/Au nanodisks were exposed to the purified single-
stranded DNA solution and allowed standing for 24 hours. Then, the 






6.2.2.5 DNA functionalization for Insulin detection 
  Firstly, the attachment of capture DNA (aI: 3’-
ACCATCCCACAGAAGTTT SH - 5’) to the nanodisk chips and the 
attachment of capture DNA (bI: 3’- HS TTTCCACCACCCCCCCCA-5’) to 
Au nanoparticles were carried out. Secondly, insulin aptamer (5’-
GGTGGTGGGGGGGGTTGGTAGGGTGTCTTCTT-3’) with concentration 
of 1 µM was heated at 90oC in an incubation oven for 10 minutes and then 
gradually cooled down room temperature in 30 minutes in Insulin buffer 
(50mM Tris-HCl, 10mM KCl, 100mM NaCl, pH=8.0). Thirdly, various final 
concentrations of insulin (ranged from 10 pM to 50 μM) were added and 
incubated with insulin aptamer for 1 hour at room temperature. Lastly, the 
incubated solution of Insulin and its aptamer was mixed with DNA-modified 
gold nanoparticle. Subsequently, the DNA-modified nanodisk chip was 
exposed to the mixture and standed for 2 hours before rinsed thoroughly with 
insulin buffer. 
6.2.2.6 DNA functionalization for Adenosine detection 
  The procedure of Adenosine detection is the same as the procedure of 
Insulin detection with Adenosine capture DNA and its aptamer. 
6.2.3 Characterization 
To characterize the fabricated samples, a UV-1800 UV-VIS 
spectrophotometer (Shimadzu, Japan) was used in transmission mode. SEM 




for SEM measurements were prepared on silicon substrates simultaneously as 
the samples on the quartz substrates. 
6.2.4 Finite difference time domain simulation method 
The simulated electric field intensity distributions were obtained by 3D 
finite difference time domain (FDTD) simulations in the wavelength range of 
300-2500 nm. Perfect matched layers (PML) were used around the structures. 
The dielectric functions used for the simulations were based on the 
experimental data of Johnson – Christy187 and Palik188.  
6.3 Results and discussion 
6.3.1 Detection design 
Figure 6.2 shows the principled design of Adenosine and Insulin 
detection. Firstly, the nanodisk array is modified with capture DNA strands 
and 15 nm gold nanoparticles are functionalized with other capture DNA 
strands. Note that two capture DNA strands that captured on nanodisks and 
15nm gold nanoparticles are complementary with corresponding DNA 
aptamer strand. In the absence of Insulin or Adenosine, the DNA aptamer 
strands play a role of linkers to bind the DNA modified gold nanoparticles to 
the DNA modified nanodisks. The number of binding gold nanoparticles onto 
the nanodisks depends on the concentration of the DNA aptamer.  In the 
presence of Adenosine/Insulin, the aptamer prefer to form G-quadruplex with 
Adenosine and Insulin rather than to bind to the complementary strands. As a 




modified Ag/Au nanodisks. The number of binding gold nanoparticles onto 
the nanodisks depends on the concentration difference between DNA aptamer 
and  Adenosine/Insulin. Gold nanoparticles in this detection design play two 
roles: detection probes and LSPR shift enhancement. 
At a certain concentration of DNA aptamer, the lower concentration of 
insulin is introduced, the more free DNA aptamer strands is left; hence, the 
number of binding gold nanoparticles onto the nanodisks increases. The 
number of binding gold nanoparticles onto the nanodisks affects the LSPR 
shift of nanodisk array due to the plasmonic interactions. The more attached 
gold nanoparticles cause the larger LSPR shift. By monitoring the LSPR peak 
of nanodisk array, we could detect the Adenosine/Insulin with very high 
sensitivity and selectivity. 
6.3.2 Insulin detection 
6.3.2.1 Confirmation of interactions between insulin and its aptamer 
We firstly investigate the viability of the detection design by 
monitoring the LSPR peak and SEM image of corresponding samples. The 
system is monitored at two experimental conditions: with 5 μM insulin (final 
concentration) and without insulin. The same amount of DNA aptamer (1 μM 
final concentration) is used for both cases. After the incubation of aptamer and 
insulin for 1 hour, the mixture containing DNA modified gold nanoparticles, 
incubated aptamer and insulin is introduced to DNA modified nanodisks. 




thoroughly rinsed with insulin buffer and then measured extinction spectra and 
observed SEM images. For without insulin experiment, the same procedure is 
performed but there is no insulin introduced. 
 Figure 6.3 (a) provides extinction spectra of nanodisk arrays before 
(black curve) and after (red curve) incubation in the mixture of aptamer, DNA 
modified gold nanoparticles with and without Insulin. As expected, in the 
presence of insulin case, the LSPR peak shift is smaller and the peak width is 
also less broadening than those in the absence of insulin case. The SEM 
images of corresponding samples also confirm the number of binding gold 
nanoparticles onto nanodisks in the presence of 5 μM is lesser than that in the 
absence of insulin (Fig. 6.3 (b)). As can be seen, although the concentration of 
insulin (5μM) is higher than the concentration of DNA aptamer (1 μM), there 
is a small amount of gold nanoparticles attached onto the nanodisks. If the 1:1 
binding ratio is considered, it suggests that there is a small amount of free 
DNA aptamer after incubation with insulin which links DNA modified gold 






Figure 6.2 Schematic illustrations of Insulin and Adenosine detection 
platforms by plasmonic enhancement Ag/Au nanodisk-gold nanoparticles 







Figure 6.3 (a) Extinction spectra of nanodisk array and (b) corresponding 
SEM images before (black curve) and after (red curve) incubation in the 
mixture of aptamer, DNA-modified gold nanoparticles with (left panel) 






Figure 6.4 LSPR peak shift at various insulin concentrations (black 
square) and calibration curve (blue curve) for insulin detection. The inset 






Figure 6.5 LSPR extinction spectra of 20Ag10Au nanodisk structures 
illustrate non-specific bindings of DNA modified nanodisks interacting 
with (a) Insulin (∆ߣ௠௔௫ = 8 nm), (b) Insulin and Adenosine aptamer 
(∆ߣ௠௔௫ = 11 nm), (c) Insulin and DNA modified gold nanoparticles (∆ߣ௠௔௫ 
= 19 nm), (d) insulin, DNA modified gold nanoparticles, and Adenosine 




6.3.2.2 Sensitivity and selectivity 
To explore the sensitivity of the system, a series of experiments are 
performed at different concentrations of insulin. Figure 6.4 provides the LSPR 
peak shifts of Ag/Au nanodisk-gold nanoparticle system, at various 
concentrations of insulin with the same concentration of DNA aptamer (1 
μM). A dramatic increase in LSPR peak shift is observed as the insulin 
concentration reduces from 50 μM to 10 pM. The inset of Fig. 6.4 shows 
linear range of 10 pM to 500pM used to calculate the limit of detection 
(LOD). Based on the equation LOD = 3σ/S (σ is the standard deviation for the 
blank, S is the slope of the calibration curve), the LOD of the system is 
defined conservatively to be 130 pM. Although the system has not yet been 
fully optimized, the results indicate that the system can obtain a high 
sensitivity without using combined amplification agents.  
To check the specificity of the plasmon-enhanced LSPR-based sensing 
platform, the nonspecific experiments are performed. The nonspecific 
interactions of each component in the system are examined. The results show 
that the LSPR shifts are mainly caused by the specific binding of DNA (Fig. 
6.5), which implies the good specificity of the system. Note that the non-
specific binding experiments are performed at higher concentrations of Insulin 
in order that all the nonspefic interactions are covered.  
To further verify the specificity of the system, the localized surface 
plamon resonance-based detection assay is challenged with three other 
common proteins: thrombin, bovine serum albumin (BSA), and alkaline 
phosphatase (ALP), at concentration of 5 μM. As shown in Fig. 6.6, the 




comparison with that of the control proteins. The results clearly validate the 
high selectivity of the system for insulin detection. The broadening of the the 
LSPR peaks in extinction spectra shown in Fig. 6.7 implies the attachment of 
gold nanoparticles on nanodisk chips. 
Figure 6.8 provides FDTD simulation results of the system with 
different sizes of gold nanoparticle diameter: 30 nm, 15 nm, and 2 nm. As can 
be seen, 30 nm particles give rise to the stronger plamonic interaction with 
nanodisks. These strong near-field interactions will lead to the stronger 
enhancements of LSPR signal which could be used to lower the limit of 
detection for the system. 
 
 
Figure 6.6 Selectivity of the plasmon-enhanced LSPR-based platform for 
insulin over other proteins: bovine serum albumin (BSA), and alkaline 







Figure 6.7 Extinction spectra of nanodisk array before (black curve) and 
after (red curve) incubation with insulin aptamer, DNA modified gold 







Figure 6.8 FDTD simulated local electromagnetic field distribution of a 
20Ag10Au nanodisk and a gold nanoparticle with diameter of (a) 30 nm, 
(b) 15 nm, and (c) 5 nm at the same distance of DNA aptamer length (27 






Figure 6.9 Extinction spectra of nanodisk arrays before (black curve) and 
after (red curve) incubation with Adenosine aptamer, DNA modified gold 
nanoparticles and Adenosine with concentration of (a) 0M (b) 0.2 mM, (c) 




6.3.3 Feasibility in small molecule detection: Adenosine 
sensing 
To examine the feasibility of plasmonic enhancement of Ag/Au 
nanodisk – gold nanoparticle system in the detection of small molecules that 
can form G-druplexes with their aptamers, Adenosine is used. The LSPR 
peaks of 20Ag10Au nanodisk are monitored at different Adenosine 
concentrations from 0 M to 5mM. The results are shown in Fig. 6.9 and Fig. 
6.10. Figure 6.9 displays the extinction spectra at different Adenosine 
concentrations and Fig. 6.10 summaries the LSPR peak shift versus the 
concentration of Adenosine. The results reveal the same trend as Insulin 
sensing case. The higher concentration of target causes the smaller LSPR peak 
shift. The results prove that the system works for small molecules detection. 
However, as can be seen, the difference in LSPR peak shift is only 22 nm over 
 





the difference in Adenosine concentration of 5 mM. It is much smaller in 
comparison with those in Insulin detection case. In addition, from the 
extinction spectra, the broadening of LSPR peak is not much different 
although the concentration difference is 5 mM. These results suggest that there 
are significant amount of free aptamers existing in the presence of Adenosine. 
In other words, the binding infinity of Adenosine and its aptamers is much 
weaker than that of Insulin and its aptamer. The reported research studies also 
indicate that the dissociation constant (Kd) Adenosine aptamer (Kd ~ 6 - 0.7 
µM) is much higher than that of Insulin aptarmer (Kd < 0.2 - 0.03 µM)103, 252, 
255.  
6.4 Summary 
In conclusion, a simple, versatile and efficient approach in the fabrication and 
detection scheme of plasmon-enhanced LSPR-based sensor for insulin 
detection has been demonstrated. 2D Ag/Au bimetallic nanodisk-arrays over a 
large area fabricated by laser interference lithography are used as the optical 
transducer of sensor. Gold nanoparticles are used as detection probes and 
plasmonic enhancement objects in plasmon-enhanced LSPR-based sensor for 
insulin detection via insulin aptamer. With “turn-on” detection strategy, the 
system we developed can achieve high sensitivity and specificity by taking 
advantage of both the plasmonic enhancement of localized surface plasmon 
resonance and the specificity properties of aptamer. The unoptimized system 
gives the detection limit of 130pM. The further FDTD simulation results 
suggest that the use of bigger gold nanoparticles could lower the detection 
limit of our system. Furthermore, the sensing results on Adenosine 




detections which are based on aptamer interactions. In addition, the system 
could be applicable for any aptamer choices and readily to combine with other 
amplification processes (such as restriction endonuclease cleavage reaction 
and LCR). Such simple efficient detection principled design could be an 
alternative sensor-on-chip platform for the study of a diverse range of 

























In this thesis, four major research works have been presented. First is 
the technique for the large area and versatile fabrication of plasmonic 
nanostructures. Then the experimental and simulated studies of grating-
induced radiation in gold nanoantenna arrays are discussed. Subsequently, the 
studies of optical properties of 2D bimetallic nanodisk arrays and their 
applications in DNA sensing are performed with the supporting of finite 
difference time domain simulation method. Finally, the application of 2D 
bimetallic nanodisk arrays for the detection of proteins and small biomolecules 
is demonstrated. The following summaries and concludes the research 
contributions in this thesis: 
1. A home-built 325nm He-Cd laser interference lithography 
system was used to study the optical properties of plasmonic nanostructures 
for biological sensing. Theoretically, optical properties of plasmonic 
nanostructures depend on sizes, shapes, and materials of the fabricated 
nanostructures. In order to study their optical properties metallic 
nanostructures with various sizes, shapes, and compositions were designed 
and fabricated. These works were done by making use of a series of processes: 
interference lithography, e-beam evaporation of metal layers, and lift-
off/etching. By alternating the interference angle and performing sequential 
interference exposures, as well as by varying the metal components and their 
thickness, the different sizes, shapes, and compositions of nanostructures were 
made over a large area in centimeter scale. The shape could be varied from 
circular to rod-liked shape. The feature size could be tuned from 200 nm to 5 




square symmetry to body-centered rectangular symmetry or simple rectangular 
symmetry. The periodicity could be manipulated from 500 nm to 2 µm. 
Importantly, one-size or multi-size patterns on the whole substrate could be 
obtained in one maskless photolithography step in a short time. The optical 
property results prove that laser interference lithography is a promising 
technique in manipulation plasmonic nanostructures for various applications. 
2. Both simulation and experimentation results show a strong 
collective grating-induced radiation modes in 2D gold nanoantenna arrays 
with body-centered rectangular symmetry fabricated by laser interference 
lithography technique without any supporting waveguide-assisted layer or 
homogeneous ambient refractive index. It is attributed to the far-field 
interaction between the LSPRs of individual nanoantenna and the diffractive 
orders of the arrays. By changing the grating constant, the collective grating-
induced radiation affects significantly the position, and intensity of GIR peaks. 
The high refractive index sensing of GIR peaks suggests that these 
nanoantenna could be useful for sensing applications. 
3. In the attempt toward to the biological sensing, optical 
properties of the bimetallic 2D arrays of silver/gold nanodisks at the period of 
520 nm and the diameter of 330 nm were investigated. The thickness of gold 
and silver layers was varied to obtain the highest refractive index and 
molecular sensitivity. The nanodisk array showed the highest refractive index 
sensitivity as 328nm/RIU and molecular sensitivity at 20 nm silver and 10 nm 
gold layers in the optimization of 30 nm total thickness of nanodisks. Owing 
to high refractive index sensitivity, the bimetallic nanodisk array was used to 




DNA in DNA hybridization bioassay. To be attributed to the longer plasmon 
decay length, it showed that the thicker Ag layer structures also achive the 
higher amplification. The highest amplification of 650% could be obtained 
with the 20 nm silver and 10 nm gold layer nanodisk structures. We extended 
the method to study systematically the distance dependence of plasmon-
enhanced characteristic in the nanodisk-nanoparticle system with the 
assistance of finite difference time domain simulation method. The distance 
between nanodisks and nanoparticles was controlled by the length of DNA 
strands. It showed that when the distance exceeds the plasmonic decay length 
of the nanodisk the plasmonic enhancement reduces. Benefiting from this 
plasmonic enhancement, the system achieved a detection limit as low as 
100fM (10 amol). Moreover, the system also showed the feasibility in the 
differentiation of DNA lengths and configurations. By showing a capability to 
recognize defect-contained DNA strands, our approach proves useful for 
simple and high sensitivity in single nucleotide polymorphism detections and 
mutation identifications.  
4. To further take advantages of the plasmonic enhancement of 
Ag/Au nanodisk-gold nanoparticles system we continued to exploit the 
sensitivity offered by plasmonic 2D Ag/Au nanodisk arrays in the 
development of a LSPR-based detection method for target molecules requiring 
molecular recognition using the Insulin and Adenosine, and their DNA 
binding aptamers. With “turn-on” detection strategy, the unoptimized system 
we developed can achieve a high sensitivity (limit of detection is 130 pM) and 
a great specificity by taking advantages of the plasmonic enhancement of 




biomolecular aptamers. The detection strategy not only worked on protein 
detections but also showed capability in detection of small biological molecule 
as Adenosine. Insulin and Adenosine are biomolecules that modulates many 
physiological processes in human bodies. Their concentration in human bodies 
reveals the health conditions. The ability to probe ultralow concentration of 
these biomolecules opens up the possibility to perform reliable diagnostics 
before symptom of a disease appears. 
7.2 Recommendation of future works 
1. By showing a capability for DNA, Insulin, and small biological 
molecules, our approach prove that such simple efficient detection schemes 
could be an alternative sensor-on-chip platform to study a wide range of 
biomolecules and biomolecular sensing. With these results, we introduced a 
different approach to fabricate a large area of plasmonic nanostructures by 
means of laser interference lithography. With this technique, the plasmon 
characteristic can be tuned flexibly for bio/chemical detection. It provides an 
alternative strategy to fabricate large scale sensor arrays that enable the real-
time, parallel monitoring of multiple species. This is particularly significant in 
low cost and high throughput screening applications. However, to prove the 
feasibility of the fabricated nanostructures in high throughput screening 
applications, multiple species detection with real-time monitoring should be 
carried out. It will be a promising experiment for future works by a combined 
set-up of spectrometers and fluidic cells. 
2. In order to further lower the detection limit, the nanostructures 
with high local electromagnetic field is required. There are some strategies to 




hybridized nanostructures. Smaller feature sizes can be achieved by using 
shorter wavelength laser source for interference lithography system. The 
hybridized structures can be obtained by adding the dielectric layer to form 
stronger resonance inside the nanoparticles; by using bigger gold nanoparticles 
to get stronger near-field interactions. In addition, with stronger localized field 
nanostructures, the label-free detections can work for small organic molecules. 
This detection method is maybe more cost-effective than label detection 
methods which is demonstrated in this thesis.  
Surface-enhanced Raman scattering is a powerful technique in bio/chemical 
sensing. The plasmonic nanostructures studied in this thesis would be a good 
candidate for surface enhancement studies with this technique. In surface-
enhanced Raman scattering, the localized surface plasmon resonance needs to 
be tuned to match the Raman scattering band og the molecules/chemicals to 
obtain the highest enhancement of Raman signals. Since the size and the shape 
of the nanostructures can be tuned easily in laser interference lithography 
technique via the manipulation of interference angle, localized surface 
plasmon resonance can be tuned flexibly. This work could open a new 
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